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ABSTRACT 
Additive manufacturing methods are becoming more prominent in the world of 
design and manufacturing due to their reduction of material waste versus traditional 
machining methods such as milling. As their demand rises, a need to improve their 
methodologies and produce higher quality products arises. The technology to 3D print has 
been in around since the 1970’s, and thanks to Scott Crump as of 1989, it is possible to 3D 
print in layers to obtain a solid component. In today’s present time, we now can multi-
material 3D print. However, even though we have the technology for multi-material 3D 
printing, standards in this field are severely lacking. Therefore, research on multi-material 
3D printing and/or the combination of 3D printing filaments combined with nanoparticles 
is needed. One of the most common methods of 3D printing is fused deposition modeling 
(FDM). In this research, FDM was used to dope Acrylonitrile Butadiene Styrene (ABS), 
to introduce conductive properties for strain measurements.  
There are three pathways of research in this field. The first is to keep the binder 
used constant and change the nanoparticles tested. The second is to vary the binder used 
and keep the nanoparticles constant. The third is two use the same binder and nanoparticles 
throughout testing, but to vary the environment around them (such as temperature and 
humidity) to observe the environmental effects of curing and testing these samples. The 
research in this thesis took the first approach. N-Methyl-2-Pyrrolidinone (NMP) was used 
to bind the selected nanoparticles. In the first experiment, the researchers made their own 
nanoparticle laced binder, and bounded it to an ABS substrate. The second experiment 
introduced three new types of nanoparticles to test, nickel, carbon, electric paint. The third 
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experiment repeated the methodology of experiment 1 and 2 and the environmental impacts 
it has on the conductivity of the samples. The fourth experiment analyzed the geometry of 
the printed pathways and their effect on conductivity. Using the results of experiment 1-4, 
strain gages were developed for part two of the study. Experiment 5 tested the conductivity 
of the strain gages, while experiment 6 studied the effect the various nanoparticles had on 
the stiffness of the 3D printed ABS strain gages. This extensive and detailed study 
concluded several points. The first point is nickel consistently showed to be the 
nanoparticle that yielded the least amount of resistance, and therefore, the highest 
conductivity. Second, layering multiple layers yields the best conductivity results. Third, 
the binder selected does indeed improve the performance of the nanoparticles. Fourth, the 
research was able to create individually isolated conductive pathways. Finally, the research 
demonstrated that the nanoparticles, when bound increased the stiffness of the ABS strain 
gages. 
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I. Introduction
1) The Beginnings of Additive Manufacturing
The earliest roots of additive manufacturing date back to the 19th century with the
research and development of topography and photo sculpture. The first successful attempt 
to use additive manufacturing was done with the technology developed in the 1970s. When 
researchers successfully actuated a nozzle to extrude filament. (Volker, 2012) Scott Crump 
invented the method of additive manufacturing by layering polymer’s in 1989. (Vladimir 
E. Kuznetsov, 2018) ASTM International defines additive manufacturing as: “A process
of jointing materials to make objects from 3D model data, usually layer upon layer, as 
opposed to subtractive manufacturing methodologies.” (ASTM, 2013) Up to the 90’s 
additive manufacturing was aimed towards prototyping, however, since the late 90’s this 
technology has been geared towards “large-scale industrial, medical, and consumer end-
market applications.” (Mark Cotteleer, 2013) In fact, since the 2000’s additive 
manufacturing produced parts can be seen in unmanned aircrafts, automobiles, consumer 
products, and organ and tissue printing systems. (Ian Gibson, 2015) During the 2013 State 
of the Union address, President Barack Obama called for the National Additive 
Manufacturing Innovation Institute (now called America Makes) to be created. This 
institute is partially funded by the US government in hopes of reviving the manufacturing 
sector. The long-term goal is to help manufacturing and production to be localized within 
the United States of America. Additive manufacturing has even been called the next great 
disruptive technology.  
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2) The Technology of Additive Manufacturing
Additive manufacturing (AM) is unlike traditional methods of manufacturing.
Traditional manufacturing methods such as milling and lathing subtract material and 
produce waste. Due to the need of little to no tooling, 3D printing provides the final product 
quickly to consumers. The additive manufacturing process begins with the use of 
computer-aided design (CAD) to produce a 3D model. This model is saved in an. stl file 
format, which is a triangulated representation of the model. Then software such as 
MakerBot Desktop, is used to slice the data file. These “slices” refer to the layer by layer 
instructions to the printer on how to produce the 3D model. The 3D printer creates the 
model and post processing such as sanding, filing, polishing, curing, material fil, or 
painting may occur. As an alternative to traditional CAD programs, 3D scanning and 
imaging is becoming increasingly popular.  
3) Types of 3D printing Methods/Technologies
There are now at least 13 different sub-technologies within the additive manufacturing 
umbrella. They are grouped into seven distinct process types. The first type is vat 
photopolymerization, where a liquid photopolymer in a vat is cured by light 
polymerization. An example of this process is stereolithography (SLA), and digital light 
processing (DLP). In the second type of additive manufacturing, material jetting, material 
is selectively deposited by a print head. The material is usually a photopolymer with a 
secondary “tacky” material such as wax. Other times post processing using a UV light can 
be used to solidify the photopolymer and cure the part. An example of material jetting is 
multi-jet modeling (MJM). The third type of additive manufacturing sub-technology is 
material extrusion. Thermoplastic material is extruded by a heated nozzle to make a 3D 
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printed part. This can be considered as one of the first and most traditional ways of additive 
manufacturing. An example of material extrusion is fused deposition modeling (FDM). In 
powder bed fusion a thermal energy source, for example a laser, is used to fuse together 
particles of material. A layer of powder is in between the filament layers in order fill the 
void spaces that occur during printing. This reduces the need for supports. An example of 
powder bed fusion is electron beam melting (EBM), selective laser sintering (SLS), 
selective heat sintering (SHS), and direct metal laser sintering (DMLS). The fourth type of 
additive manufacturing uses liquid binders to adhere material particles together. Like 
powder bed fusion, powder is often used in between layers to add extra support. This 
process is repeated until the final product is created. Sometimes inks are injected 
throughout the layers to impact the color. Examples of this form of additive manufacturing 
include powder bed and inkjet head (PBIH), and plaster based 3D printing (PP). During 
sheet lamination, glue or ultrasonic welding is used to bond thin sheets of material such as 
plastic or metal. These sheets are layered on top of each other, and a laser or sharp edge is 
used to cut away unwanted excess material. Examples of this type of additive 
manufacturing process include laminated object manufacturing (LOM), and ultrasonic 
consolidation (UC). The last type of sub-technology in 3D printing is directed energy 
deposition. In this method focused thermal energy fuses material as it is deposited. Often 
this type of additive manufacturing couples with wire-based or powder-based approaches. 
An example of this method is laser metal deposition (LMD)  (Mark Cotteleer, 2013) These 
forms of additive manufacturing have been extensively been researched and developed by 
researchers in various fields beyond engineering such as: Khaing detailed his research with 
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direct metal lase sintering (M. W. Khainga, 2001), Silva and colleagues used selective laser 
sintering in 3D-printingof models for craniomaxillary anatomy reconstruction (D. N. Silva, 
2008), and Allen and Sachs used binder jetting when they 3D printed metal parts for tooling 
and other applications. (Samuel M. Allen, 2000) The below two tables, have been included 
below that summarize all that has been mentioned about the different types of additive 
manufacturing methods. These two tables combined from (Mark Cotteleer, 2013) report 
on the basics of additive manufacturing.  
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Technology  AM Process Typical Materials Advantages Disadvantages 
Stereolithography Vat 
polymerization 
Liquid photopolymer, 
composites 
Complex geometries; 
detailed parts; smooth finish 
Post-curing required; 
requires support structures 
Digital light  
processing 
Vat 
polymerization 
Liquid photopolymer Allows concurrent 
production; complex shapes 
and sizes; high precision 
Limited product thickness; 
limited range of materials 
Multi-jet modeling  
(MJM) 
Material jetting Photopolymers, wax Good accuracy and surface 
finish; may use multiple 
materials (also with color); 
hands-free removal of 
support material 
Range of wax-like materials 
is limited; relatively slow 
build process 
 
Fused deposition  
modeling 
Material  
Extrusion 
Thermoplastics Strong parts; complex  
geometries 
Poorer surface finish and  
slower build times than SLA 
Electron beam  
melting 
Powder bed  
fusion 
Titanium powder, 
cobalt  
chrome 
Speed; less distortion of  
parts; less material wastage  
Needs finishing; difficult to  
clean the machine; caution  
required when dealing with  
X-rays 
Selective laser  
sintering 
Powder bed  
fusion 
Paper, plastic, metal,  
glass, ceramic,  
composites 
Requires no support  
structures; high heat and  
chemical resistant; high  
speed 
Accuracy limited to powder  
particle size; rough surface  
finish 
Selective heat 
sintering 
Powder bed  
fusion 
Thermoplastic powder Lower cost than SLS;  
complex geometries; no  
support structures required;  
quick turnaround 
New technology with  
limited track record 
Direct metal laser  
sintering 
Powder bed  
fusion 
Stainless steel, cobalt  
chrome, nickel alloy 
Dense components; intricate  
geometries 
Needs finishing; not suitable  
for large parts 
Powder bed  
and inkjet head  
printing 
Binder jetting Ceramic powders, 
metal  
laminates, acrylic, 
sand,  
composites 
Full-color models;  
inexpensive; fast to build 
Limited accuracy; poor  
surface finish 
Plaster-based 3D  
printing 
Binder jetting 
 
Bonded plaster, plaster  
composites 
Lower price; enables color  
printing; high speed; excess  
powder can be reused 
Limited choice of materials;  
fragile part 
Laminated object  
manufacturing 
Sheet  
lamination 
Paper, plastic, metal  
laminates, ceramics,  
composites 
Relatively less expensive;  
no toxic materials; quick to  
make big parts 
Less accurate; non- 
homogenous parts 
Ultrasonic  
consolidation 
Sheet  
lamination 
Metal and metal alloys Quick to make big parts;  
faster build speed of newer  
ultrasonic consolidation  
systems; generally non-  
toxic materials 
Parts with relatively less  
accuracy and inconsistent  
quality compared to other  
AM processes; need for  
post-processing 
Laser metal  
deposition 
Directed  
energy  
deposition 
Metals and metal 
alloys 
Multi-material printing  
capability; ability to build  
large parts; production  
flexibility  
Relatively higher cost of  
systems; support structures  
are required; need for  
post-processing activities to  
obtain smooth finish 
Table 1 AM technologies, corresponding base materials, and advantages and 
disadvantagesdisadvantages 
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Technology Polymers Metals Ceramics Composites 
Stereolithography X   X 
Digital light 
processing 
X    
Multi-jet 
modeling (MJM) 
X   X 
Fused deposition 
modeling 
X    
Electron beam 
melting 
 X   
Selective laser 
sintering 
X X X X 
Selective heat 
sintering 
X    
Direct metal laser 
sintering 
 X   
Powder bed and 
inkjet head  
printing 
X X X X 
Plaster-based 3D 
printing 
  X X 
Laminated object 
manufacturing 
X X X X 
Ultrasonic 
consolidation 
 X   
Laser metal 
deposition 
 X  X 
Table 2 Technologies and materials matrix 
Looking more into depth of these types of additive manufacturing, fused deposition 
modeling (FDM) is easily repetitive, and the cost of equipment and materials is cheaper 
than stereolithography (SLA) and selective laser sintering (SLS). Many fears and 
uncertainties are associated with 3D printed parts such as its lack of structural stability, 
reliability, and material restrictions. However, with new 3D printing system technology 
and innovation, these fears can be overcome with multi material 3D printing. This type of 
printing insures that structural integrity, flexibility, and multiuse are preserved in the 
product. Multi-material 3D printing is used in many applications and most notably products 
such as circuit boards. (Multi-Material 3D Printing, n.d.) By 3D printing the product in one 
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uniform system, tight tolerances can be met, better adhesion without damage to parts of the 
product can be insured and better accuracy and efficiency of the product and be achieved.  
4) Additive Manufacturing’s Share in the Market 
As mentioned above, the art of multi material 3D printing has yet to be perfected. 
There is still much to be desired. The method of stereolithography (invented by Charles 
Hull), where light is used to fuse and cure UV-curable polymers, has been used to support 
the mixing of multiple materials. (S. Maruo, 2001) While this method provides a high 
resolution, changing material for each layer during 3D printing is time consuming. 3D 
printing technology has been pushed to advance in the realm of additive manufacturing as 
well. The Model 2, 3D printer even supports an internal library of materials, and extrudes 
them using multiple syringe-based extruders. (Jeffrey I Lipton, 2009) However, this system 
is infamous for its low resolution. Often, plastics and metals do not want to mix 
harmoniously. Therefore, new methods using binding are being investigated.  
One of the methods includes a powder substance distributed on the 3D printing bed, 
then a 3D printer prints the product using one material. Then the product is impregnated 
with other materials, preferably metals in this second step. After completion the product is 
baked and therefore the powder detaches itself off the product and can be recollected to be 
used in future experiments. This methodology eliminates the need to 3D print support 
material. Therefore, it is more efficient and less wasteful than traditional 3D printing and 
provides a structurally sound industrial grade product. (What Is Binder Jetting, 2019)  
Multi-material 3D printing becomes a unifying factor between two materials when 
the benefits of both their properties are combined. One of these methods includes inkjet 
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printing combined with sintering in a separate furnace. Another popular method is metal 
injection molding using metal injection molding (MIM) powder. Cheaper alternatives 
include mixing of nanoparticles and a binder to form a solution that is injected to a 3D 
printed component.  Inkjet technology has been bought and dominated by companies like 
HP looking to lead the path of research and innovation with their patents. However, it 
seems like manufacturing and material suppliers and vendors are the most interested in the 
binding of materials. This is because the ability to multi-material 3D print in house 
eliminates the need for third party vendors and allows for intellectual confidentiality. 
Companies can now engineer and conceptualize things like microchips, then print the 
prototype in house, instead of sending it to a 3D party to obtain a sample.  
Much like the rest of the world, and similarly to how DVR’s, music streaming 
platforms, etc. are all demand driven, the technology sector is not an exception. 
Manufacturers and innovators want samples now, and are subsequently driving a field and 
demand for inhouse fabrication of this type. One of these material suppliers is PyroGenesis 
which is seeing an explosive demand for MIM cut powder. Other vendors supply direct 
metal printing (DMP), XEJT offers nanoparticle jetting (NPJ) and Vader systems provides 
liquid material jet printing (LMJP) particularly with the use of magnetism in their molten 
metal. Most notably Digital Metal AB has begun commercial production for its 3D metal 
binder jet printers. MakerBot alone has sold over 22,000 since 2009. (Clay, 2013) Today, 
MakerBot has the “largest install base of 3D printers worldwide and runs the largest 3D 
design community in the world”. (About Us, 2019) This will also allow amateurs and at 
home tinkerers to join in this emerging field. In addition, Digital Metal is incorporating 
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metals such as stainless steel, titanium, silver and cooper in their technology. By using 
these methods of additive manufacturing, we minimize the need for supports, and thus 
waste less material. Benefits include, printing more accurate angles that are less than 45°, 
and the metal imbedded supports act as a heat sink and lessen the impact of cooling. (Petch, 
2017) The below table summarized the applications that use 3D printed components and 
was taken from (Mark Cotteleer, 2013) basics of additive manufacturing report. 
INDUSTRIES CURRENT APPLICATIONS POTENTIAL FUTURE 
APPLICATIONS 
COMMERCIAL  
AER0SPACE  
AND  
DEFENSE 
• Concept modeling and prototyping 
• Structural and non-structural  
production parts  
• Low-volume replacement parts 
• Embedding additively manufactured  
electronics directly on parts 
• Complex engine parts 
• Aircraft wing components 
• Other structural aircraft components 
SPACE • Specialized parts for space  
exploration 
• Structures using light-weight,  
high-strength materials 
On-demand parts/spares in space  
• Large structures directly created in  
space, thus circumventing launch  
vehicle size limitations 
AUTOMOTIVE • Rapid prototyping and  
manufacturing of end-use auto parts 
• Parts and assemblies for antique cars  
and racecars 
• Quick production of parts or entire  
• Sophisticated auto components  
• Auto components designed through  
crowdsourcing 
 
HEALTH  
CARE 
• Prostheses and implants 
• Medical instruments and models 
• Hearing aids and dental implants 
• Developing organs for transplants  
• Large-scale pharmaceutical  
production 
• Developing human tissues for  
regenerative therapies 
CONSUMER  
PRODUCTS/RETAIL 
• Rapid prototyping 
• Creating and testing design iterations 
• Customized jewelry and watches 
• Limited product customization 
• Co-designing and creating with  
customers 
• Customized living spaces 
• Growing mass customization of  
consumer products 
Table 3 AM applications by select end markets 
Now that it is explained why there is a demand in the field of engineering for multi-
material 3D printing the contents of this paper will be explained. This paper explains the 
processing of binder jet multi-material 3D printing to improve upon material properties. 
This was achieved in a series of several experiments. Adding nanoparticles in multi-
material 3D printing adds multi-functionality by mixing thermal and electric conductivity 
to additively manufactured part (N. B. Crane, 2006). “Adding nanomaterials to additive 
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manufacturing can improve mechanical properties lower sintering temperatures and 
improve dimensional accuracy” (John Changjin Bai, 2007).  
The experiments were separated into two parts. The first part included a set of 
experiments testing different variables on trays. These traces were tested for conductivity. 
The second part of the experimentation included lay ups of strain gages of different variable 
material. These strain gages were tested for conductivity and then later loaded onto a load 
frame and tested for displacement and strain curves were generated. The results of both 
parts of the testing, including the effects of the material and binder on the 3D printed ABS, 
was observed and collected qualitatively and quantitively.  
The goal proves the best methodology in 3D printing binding and dope a substrate 
with the most viable nanoparticle found to obtain a conductive pathway. This conductive 
pathway will act as a substrate can his conductive enough to light lightbulbs and 
incorporate sensors.  The design statement can read as such: “Experimentation with binder 
infused deposition model printing, to determine the best approach to providing an 
electrically conductive material on a substrate, as well as improve the stiffness of ABS”. 
Some of the questions that will be asked within this research are: Is the binder selected 
improving the conductivity and strain of the samples? What can be duped into the 
appropriate binder? Which nanoparticle material is best for the binder? What minimal 
spacing is needed to provide a better substrate? How does the curing process effect the 
binding of the materials?   
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II. Literature Reviews 
1) Improving the Material Properties of 3D Filament  
In a 2017 publishing by (Zachary C. Cordero, 2017) researchers explored the 
possibility of binder-jet 3D printing by melt infiltration. They explored improving the 
hardness values, bending modulus, and other useful mechanical properties of 3D printed 
material by melt infiltration. Organic binder, Diethylene Glycol, and Gas-atomized powder 
feedstock was used in their implemented binder-jet 3D printing process. The 3D printed 
material that they used was then layered to stack up a matrix of “complex shape”. (Zachary 
C. Cordero, 2017) The feed of the layer thickness was set to 100µm. This experiment paired 
binder-jet 3D printing with melt infiltration, to impregnate the porous 3D material with a 
bronze metal alloy.   
Cordero, Siddel, Peter, and Elliot, heated their samples to 600°C to evaporate the binder 
used. Paralleled with this research paper, the binder was cured under a hood for 1 week at 
a time. Then the samples were heated on a bed set for 200°C for 2 hours and the excess 
powder was brushed off. After completion of these samples, they were either sintered or 
infiltrated with a tin bronze. After being impregnated with the tin bronze metal alloy by 
either sintering or infiltration the samples were scheduled on a heating cycle that gradually 
increased. (The heading schedule in their research paper was influenced by an earlier paper 
based on testing 420 stainless steel powders.) The appropriate samples were then soaked 
in the tin bronze and the other samples were sintered and integrated under flowing 
Ar+4%H2.  
After preparation half of the samples were prepared by sintering and the other half by 
infiltration. Then half of the sintered and half of the infiltrated samples were subjected to 
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a three-point bend test on a servo hydraulic universal test machine. The other half of 
sintered and infiltered samples had their hardness tested on a LECO microhardness tester 
with a hold time of 15s. “Low loads (10-50 grams force) were used to measure the micro-
hardness values of the individual constituents, while higher loads composite. A slug of the 
bronze infiltrate was also cross-sectioned and characterized using microhardness testing.” 
(Zachary C. Cordero, 2017) Results from testing observed that the sintered cylinder 
samples shrunk radially by 1.1% and axially by 1.4%. It’s speculated that was due the 
powder spreading operation which can pre-orient the particles, which may cause 
anisotropic densification. For infiltered samples the axial shrinkage was 0.7% which was 
nearly half that of the sintered cylinders. They also swelled 0.4% radically due to 
gravitational effects. 
An examination with a micrograph revealed that the infiltrated samples had “several 
m-thick denuded zones at the interface between the infiltrate and the sintered skeleton 
where the a-Fe matrix appears to have dissolved.” (Zachary C. Cordero, 2017) In addition, 
some locations on the sintered samples are free of the boride phase. This is due to α-Fe 
dissolving into the molten bronze. Its then speculated that this dissolved α-Fe 
“reprecipitated” in another region of the sample. This phenomenon is driven by the surface 
energy of the solid particle/molten bronze interface.  
The final results yielded that the Vickers microhardness of the sintered skeleton 
samples was 17 GPa. This is nearly an order of magnitude greater than that of commercial 
iron. The microhardness of the infiltered samples was 11 GPa, which is nearly 3GPa higher 
than typical quenched high strength steels used in tooling.  
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In terms of load displacement both sample sets, exhibited and behaved as brittle 
material. However, the infiltrated samples were much stiffer and stronger at 570MPa, 
which is over 4 times higher than that of the sintered samples (130 MPa). The infiltered 
specimens were less hard. Qualitatively, the infiltered samples huge “cleavage facets” 
which contained iron. These deposits were a result of long infiltration times and should be 
avoided. This is also, noticed in several of the samples that are used in this paper. The 
longer the curing time the lower the resistance will get but over time long curing times 
cause the material to crack and have deposits that leave an open circuit. Sintered specimens 
should be used in application where high hardness is valued, while infiltered specimens 
should be used for high strength.  
It is natural to wonder why nanoparticles? What is the motivating factor to push 
nanoparticles in the sintering of multi-material 3D printing versus other materials. Elliott, 
Alsalihi, Merriman, and Basti stated that there is potential to minimize shrinkage by 
incorporating nanoparticles into the binder when prepping 3D printed samples. Naturally, 
the best of what is available in nanoparticles will be chosen for binding, metal alloys. Their 
research specifically considered using 316L Stainless Steel Nanoparticles (SSN) to 
impregnate and densify 316L binder jet pats. Unlike the N-Methyl-2-Pyrrolidinone (NMP) 
solvent that was used in this study Elliott, Alsalihi, Merriman, and Basti used Diethylene 
Glycol (DEG) and Ethylene Glycol (EG). Some of their samples cured in DEG solvent and 
others in Ethylene. Because there were two solvents, their pH levels resulted with 0.10 M 
sodium hydroxide. This is a new approach to additive manufacturing. In their research they 
kept their nanoparticle (SSN) constant, while comparing the effects of two different 
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binders. It should be noted that powder nanoparticles can improve so much. Due to their 
average packing factor, they are often 60% volume, and 40% porosity. Therefore, in this 
experiment they included sintering twice in the process in order to densely pack the green 
3D printed part. The densities of 3D printed parts with denser packed nanoparticles go up 
to 86.8% via the research and book written by Mohammed Rahaman. (Rahaman, 2003) 
The mass of the samples was weighed before and after sintering to understand how many 
of the nanoparticles were retained and diffused into the 3D printed part. The study 
remarkably noted, “data show that change in pH affects the mass percent when the 
suspension was made with DEG”. (Amelia Elliott, 2016) 
Like Cordero (Zachary C. Cordero, 2017), Elliot (Amelia Elliott, 2016) heated their 
samples to 200°C “to cure the binder and solidify the printed shape. After curing the new 
“skeleton” sample was then ready for infiltration and sintering. By using nanoparticles void 
paces are filled and the nanoparticles also act as a sintering aid (Vishal N. Koparde, 2008). 
Elliot (Amelia Elliott, 2016) was far more interested in finding a binder that would infilter 
the 3D printed samples the best with the most densely packed nanoparticles, to increase 
the density and mechanical properties of the 3D polymer sample. “The effectiveness of the 
polymer solute to deliver the nanoparticles was assessed by the measuring the increase in 
the mass of the 3D parts after the application of nanoparticles and subsequent sintering.” 
Both DEG and EG binders increased the mass and density of the green 3D printed parts 
however, samples that were treated with DEG binder added the most mass to the 3D printed 
samples and had a pH of 11. This is due to the higher polarity of DEG which causes better 
28 
 
dispersion and infiltration of the nanoparticles. Elliot (Amelia Elliott, 2016) recommends 
further analysis into the effects of surface tension and viscosity of these two binders. 
Nandwana, Elliott, Siddel, Merriman, Peter, Babu noticed that the super solidus liquid 
phase sintering (SLPS) was essential to achieve full densification of Inconel 718. Unlike 
Elliot (Amelia Elliott, 2016), powder particle size and liquid volume fraction when 
sintering was the center of this study. Inconel 718 is a nickel based super alloy. Its ability 
to withstand high temperatures makes it ideal in areas such as turbine blades, turbocharger 
rotors, and nuclear reactors. Inconel 718 is usually used in casting and wrought. Therefore, 
to reduce waste and scrap generation from wrought and casting, efforts in incorporating 
additive manufacturing to Inconel 718 are being explored. This would also allow the 
manufacturing of complex shapes using Inconel 718. Selective laser melting (SLM) 
incorporates a laser to melt the powder on a bed layer by layer while gas atomized by argon. 
When created via SLM, Inconel 718 has a microstructure of columnar γ grains oriented 
along <0 0 1> direction. However, some research has shown that the columnar γ grains can 
vary from this slightly due to temporal changes and humidity in the curing environment. 
(K. N. Amato, 2012) Electron beam melting (EBM), melts the powder bed under a 
controlled vacuum.  
ECM is usually done at much higher temperatures (such as 975°C for Inconel 718) 
which allows partial sintering on the powder bed which subsequently minimizes the 
residual stresses during the build and curing. (Peeyush Nandwana A. M., 2016) Due to the 
benefits of this method versus SLM the columnar γ grains microstructure of Inconel 718 
are orientated in <0 0 1> of the build direction. Nandwana, Peter, Dehoff, Lowe, Kirka, 
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Medina found in their research that there are three distinct microstructure regions in the 
samples made by EBM. The top few layers exhibit the Laves phases, the second zone 
consists of the Laves phase but with a 𝛿 phase. The final microstructure region consists of 
globular and needle like 𝛿 phase. (Peeyush Nandwana W. H., 2015) Binder jet 3D printing 
(BJ3DP) can be used to provide better and more uniform microstructure, even though 
literature on the BJ3DP of Inconel 718 is very limited. Nandwana (Peeyush Nandwana A. 
M., 2016) like Elliot (Amelia Elliott, 2016), used diethyl glycol as their binder. The 
samples were heated for 30 minutes at 700°C to allow the binder to burn out. Then the 
furnace sintered the samples for 5 hours at varying ramp rates. Similarly, to Elliot (Amelia 
Elliott, 2016), Nandwana (Peeyush Nandwana A. M., 2016) also measured the density of 
the samples using the Archimedes method. The Archimedes method confirmed that on 
average, the samples saw a 99.9% density increase. Further research can be done to test 
these samples on a three-point ben test to determine the mechanical enhances that were 
brought upon the samples infiltered and sintered with Inconel 718.  
The two most common polymer materials used to 3D print are Acrylonitrile Butadiene 
Styrene (ABS) and Polylactic Acid (PLA). According to 3ders.org, a 3D printing filament 
price comparison data base, one kg spools or ABS or PLA are on average $50. Which 
makes them both competitive economically. (Price compare - 3D printing materials - 
Filament:, 2019) PLA is the most widely used 3D filament, however ABS is easier to print 
due to its need of a heated bed, which secures the filament from lifting off from the bed. 
Contractedly, proper ventilation is needed when 3D printing ABS, due to the fumes formed 
when 3D printing on a heated bed and heated nozzle. (B. Stephens, 2013) While PLA is 
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stronger than ABS it acts more brittle. Letcher and Waytashek used the MakerBot 
Replicator 2x (same 3D printer used for the testing conducted in chapter 3 and 4 of this 
paper), to 3D print PLA. They printed their samples in orientations of 0°, 45°, and 90° to 
later test the “orientation effects on part strength”. (Todd Letcher, 2014) Tensile testing 
revealed that the 45° had the highest ultimate tensile strength at 64 MPa. The ultimate 
strengths of the 0° and 90° orientations were 58 MPa and 54 MPa respectively. When the 
specimens were testing in bending, the 0° orientation had the highest at 102 MPa. However, 
the ultimate bending stress of the 45° and 90° orientation wasn’t far off at 90 MPa and 86 
MPa respectively. This research can be used in later papers to discuss and compare the 
strength of recycled PLA filament.  
Parallel to Letcher (Todd Letcher, 2014), Cantrell (Jason Cantrell, 2017) also tested the 
mechanical properties of 3D-printed ABS and polycarbonate parts. The specimens were 
created by fused deposition modeling (FDM), which is a form of additive manufacturing 
which uses a heated nozzle to lay down molten material layer by layer to achieve a final 
build. This method is the most commonly used commercial way to 3D print. The samples 
they tested were printed in the following orientations: [+45/-45], [+30/-60], [+15/-75], and 
[0/90]. As Amato (K. N. Amato, 2012) mentioned in this research, the room temperature, 
when 3D printing filament can have effects on the strength of the element. Therefore, 
Cantrell (Jason Cantrell, 2017) recorded the room temperature at the time of printing the 
specimens to be 23°C. The samples were made in dog bone shapes to test their tensile and 
shear strengths on a universal testing machine with 2D digital image correlation (DIC) 
capability. The density, Poison’s ratio, Young’s Modulus, yield strength, ultimate strength, 
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strain at failure, breaking strength, and strain energy were all recorded for each sample 
tested in tension. The shear modulus, yield strength, and ultimate strength was recorded for 
the samples tested in shear. Cantrell’s (Jason Cantrell, 2017) research found that despite 
different build orientations the tensile specimens showed little to no variation on the 
Young’s modulus or Poisson’s ratio for the ABS samples tested in tension.  However, 
within these same specimens the shear modulus and shear yield strength varied up to 33%.  
Recently, FDM modeling has been married with fused filament fabrication (FFF) to 
study the effects of geometrical parameters on PLA 3D printed parts. Kuznetsov, Solonin, 
Urzhumtsev, Schilling, and Tavitov used different nozzle diameters (0.4, 0.6, and 0.8 mm), 
and a range of different layer heights to vary their specimens. (Vladimir E. Kuznetsov, 
2018) These researchers experimented with a new method to test the fatigue of their 
samples. The tubular samples were loaded on a three-point bending fixture, testing in the 
weakest orientation, across the layers. Scanning electronic microscopy (SEM) was used to 
evaluate the specimens microscopically. In the research of Tymak (B. M. Tymrak, 2014), 
it was concluded that open source software coupled with 3D printers gives better control 
over the speed and temperature management during extrusion of the filament during 3D 
printing. More control during the 3D printing process gives better ability to customize the 
mechanical properties of the final green product. This open market allows researchers to 
not only make and test their own build specimens, but also to develop their own method 
married with FDM.  
Sun, Rizvi, Bellehumeur, and Gu concepted a method to measure the flexible strength 
of laminated sheets when bonded together with glue. (Q. Sun, 2008) Others have tested 
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samples in their weakest direction (Vladimir E. Kuznetsov, 2018). The weakest point on a 
3D printed specimen is the boundary between two layers. In terms of the type of testing, 
bending test produce better quality and reliable results than the tensile tests. When 
considering flexural strength, the three-point bending test is the most used, as was 
previously mentioned in Cordero’s (Zachary C. Cordero, 2017) research. Kuznetsov 
(Vladimir E. Kuznetsov, 2018) made tube like rectangular cross-section samples with 
rounded corners. The layer thicknesses of the samples varied between 0.06 and 0.6 mm for 
all 3 types of nozzle diameters used. These samples were then tested on a universal 
electromechanical testing machine for three-point bending. Their research concluded that 
layer height had a greater influence on the adhesion between the 3D printed layers, than 
the nozzle diameter. As the layer height increased the strength of the layers decreased. In 
other words, thinner layers adhere better when stacked layer by layer per sample than the 
samples that had few layers, but thicker layer heights. The researchers also concluded that 
the samples printed with the larger diameter nozzle tested for higher strength.  
While Scott Crump invented additive manufacturing in 1989, inkjet printing was 
developed in the 1960’s. This method uses ink to 3D print a substrate. Inkjet printing has 
many advantages as an additive manufacturing method. Because inkjet printing is a non-
contact method, is less susceptible to contamination, and is less likely to observe damage 
to the substrate or mask. (Yang Guo, 2017) Inkjet printing also allows for a vast variety of 
methods to layup and cure the drop deposition. This method has been often married with a 
binder in 3D printing on a powder bed or jetting photopolymer to improve material 
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properties. Another attractive plus to inkjet printing is the fluids are often compatible with 
many other fluids such as polymer solutions, particle suspensions and biomolecules.   
The two modes of inkjet printing are continuous inkjet (CIJ) and drop-on-demand 
(DOD) mode. During CIJ mode the fluid is extruded through the printer’s nozzle 
continuously. The jet disperses into a stream of droplets due to Rayleigh-Plateu’s 
instability. Field plates are used to charge and deflect the substrate during the printing 
process. (Yang Guo, 2017) A catcher is used to collect the excess droplets. Due to its 
process, CIJ produces high drop velocity (Derby, 2010), which then in return reduces the 
processing time for marketing and bar coding. It’s use method of continuous jetting, the 
solvent used quickly evaporates, which then in return causes the printer’s nozzle to less 
likely get clogged. However, there are three cons to this mode. First, often if not always, 
the resolution of CIJ is lower than DOD. (Hutchings, 2012) Second, the electric field of 
the field plates can be modified due to the deposition of small fragmented drops. (Yang 
Guo, 2017) Guo, Patanwala, Bognet, Ma also state that “Recycling of the ink may also lead 
to contamination and require re-adjusting the ink concentration to account for solvent 
evaporation.” (Yang Guo, 2017)  
The drop-on-demand mode of inkjet printing is more widely used than CIJ. In this mode 
the thermal and/or piezoelectric actuation disperses droplets as necessary onto the green 
part. However, this inconsistency of inkjet droplet flow can cause the ink to draw on the 
nozzle and consequently cause clogging.  
Researchers such as Guo, Patanwala, Bognet, Ma used theory and experimental 
techniques to study the use, availability, and process and integration of inkjet fluids and 
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3D printing. These researchers specifically looked at how the properties of inkjet fluids 
effected the performance of inkjet-based 3D printing. (Yang Guo, 2017) paper explored 
the jettability of Newtonian fluids. These are fluids that the viscous stresses in the fluid are 
linearly proportional to the local strain rate. These are the typical fluids such as: water, 
benzene, mineral oil and ethyl alcohol. Due to the practicality, and availability of 
Newtonian fluids, they are easily understood and generalized using the dimensionless 
Ohnesorge number. (Jens Eggers, 2008) This exact number correlates to the very definition 
of Newtonian fluids. The Ohnesorge number, relates the viscous forces to inertial and 
surface tension forces in fluids. (Yang Guo, 2017) study argues that when certain materials 
are added to the ink fluids, they start to exhibit non-Newtonian behavior “such as shear 
thinning and elasticity.” High-speed and stroboscopic imagining has been used to improve 
the direct image of the ink jetting process. However, there are challenges with associating 
the jetting process and viscoelasticity of the final specimens. More must be considered 
when using rheology at high frequencies during ink jetting. The challenge of cost of 
equipment can be prohibiting due to the low frequency that commercial rheometers have 
versus the more expensive high frequency lab rheometers. (Yang Guo, 2017) paper 
explored and summarized the experimental techniques and fundamental understanding that 
researchers in the additive manufacturing industry have about inkjet printing. However, 
there are some topics that the writers suggest researchers to consider mapping out the 
operating space of inkjet printing. This can centralize the substrate that is printed by the 
droplets and predict the jettability and jetting consistency. This will provide a better-quality 
print and faster ink formulation. Subsequently, if the process of ink jetting becomes 
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quicker, more commercial uses will be sought and the performance can be improved. 
However, new robust and affordable instruments will need to be mass produced to inter 
the commercial market. Aside from market needs, more needs to be understood about flow 
phenomena such as deformation induced thickening thixotropy, which is the time 
dependency of viscosity depending on the flow. However, theoretical research and 
understanding lacks in this discipline. (Jan Mewis, 2009) Finally, inkjet printing imaging 
platforms can be further developed. This will open paths to better optimize the jetting 
waveform in terms of droplet size, droplet distribution, and ink jetting consistency. (Bognet 
B, 2016) 
  Researchers such as Sitthi-Amorn (Pitchaya Sitthi-Amorn, 2015), used integrated 
machine vision systems to develop a multi-material 3D printing platform. Their platform 
is high resolution, low-cost, and extensible. The benefits of this system include self-
calibrating printheads, 3D scanning, and a closed-feedback loop that alters the user of 
printing defects for better, more centralized, and less waste accumulating post processing. 
Their designed platform can support 10 different materials simultaneously, which can then 
interact optically and mechanically. Gao’s(Yang Guo, 2017) paper mentioned researchers 
that use piezoelectric inkjet printheads, Sitthi-Amorn’s (Pitchaya Sitthi-Amorn, 2015) 
research uses piezoelectric inkjet printheads to reach a high resolution of 40 µm. They 
build they’re multi-material 3D printing platform from COTS parts which cost them a total 
of roughly ~ $7000. Due to the way the system was designed the architecture of the 
platform and 3D printer are easily extensible and reconfigurable. Both the software and 
architecture is centered around modularity. Therefore, upgrades and changes can be made 
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easily. The platform uses per layer multi-material raster files to identify the objects being 
printed. This method pervades the user quicker and direct access to the hardware and 
expands the capability of printing. The modularity also allows for the machine to be paired 
with auxiliary objects.  
 The 3D scanning ability of Sitthi-Amorn’s (Pitchaya Sitthi-Amorn, 2015)3D 
printing platform is robust and high-quality. The system can scan several different surfaces 
by using two different parameters. The first is the step size in the Z direction, and the 
second is the number of images taken at each Z location. The effective resolution of the 
system varies depending on the height of the features printed. Their printing process was 
not optimized for print speed as thus, could be a major area of potential improvement. The 
platform allows application towards microlens arrays. Custom optics, and display elements 
can be coupled with a computational loop can offer better displays. (Gordon Wetzstein, 
2011) Sitthi-Amorn’s (Pitchaya Sitthi-Amorn, 2015) printers are capable of printing 
custom high quality microlens arrays. The arrays can be placed on the “high-resolution 
screens to obtain a dynamic light field display.” (Pitchaya Sitthi-Amorn, 2015) The 
platform can also print custom fiber optic bundles. These 3D printed fiber optic bundles 
can be used to create custom display elements, in addition, they can be married with sensing 
elements, such as cameras. (Karl D.D. Willis, 2012) However, due to the refractive index 
of the base material the quality of these bundles is low. Custom high-quality refractive 
surfaces can also be printed using the Sitthi-Amorn (Pitchaya Sitthi-Amorn, 2015) 
platform. Curing can be delayed (user controlled by the printer) by a few seconds to give a 
smooth surface effect. While Bickel (Bernd Bickel, 2010) and Skouras  (Mélina Skouras, 
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2013)  did early studies on mixing multi-material meta-materials, the Sitthi-Amorn 
(Pitchaya Sitthi-Amorn, 2015) printer is capable of printing more complex multi-material 
meta-materials. One example is, mixing rigid and elastic materials with empty spaces to 
fabricate a meta-material with negative Poisson coefficient. A honeycomb structure was 
also used to create a multi-material (4 materials and empty spaces) tire. The 3D printer also 
has ability to 3D printer over an already existing part. This is unique compared to all the 
research that was previously analyzed. The printer alignment process allows for accurate 
printing with points respective to the pre-positioned part. For example, a privacy screen 
can be printed on top of a smart phones display. Zhao (Shuang Zhao, 2013) used computer 
graphics to conduct an extensive study on the measurement, rendering, and simulation of 
computer modeled fabrics. The Sitthi-Amorn (Pitchaya Sitthi-Amorn, 2015) printer can 
use rigid and elastic materials of different textures and colors to create, thin shells of 3D 
printed fibers, to obtain 3D printed fabrics. Very few are needed to improve the 3D printer 
created by the researchers. One of the major faults of the system is speed. The X pass 
requires more than 4 seconds. Larger droplets can be used to increase the speed but that 
would lower the resolution. High specular angled surfaces are harder for the platform to 
scan accurately. “The OCT scanner can only scan depth map profiles, no overhangs or 
undercuts.” (Pitchaya Sitthi-Amorn, 2015) Lastly, there 3D printer can only add material. 
The researchers state it would be an interesting direction to explore 3D printers that subtract 
material, specifically material caused by printing errors.  
38 
 
2) Understanding Strain Gages 
Strain gages are usually made using metallic strain gages or semiconductors. Their 
change of resistance is related to strain. For example, if nanoparticles are layered in the 
substrate of the strain gages, the distance difference in the atoms of the nanoparticles effects 
the measured resistance and can be altered when the strain gauge is strained. Therefore, 
nanotechnology has been imbedded into these devices to increase sensitivity at a lower 
cost. Nanoparticles can be imbedded into strain gages through deposition in ink-jet 
printing, or in a vacuum environment. (Skotadis, 2010) The ink-jet depositing technic is 
easier however, it’s harder to deposit the nanoparticles uniformly. The vacuum 
environment method is “based on sputtering and condensation of atoms from a metallic 
target to form clusters of controlled size that are uniform deposited on the substrate.”  
(Chang, 2010) The nanoparticles are uniformly deposited on the strain gages substrate. In 
addition, this method allows optimization of strain gauge in power dissipation and strain 
sensitivity. The vacuum environment method was used by (Tanner, 2011) apply platinum 
nanoparticles into gold electrodes on an oxidized silicon substrate. Platinum nanoparticles 
were particularly selected to avoid oxidation along the substrate. Two layers of 1µm thick 
solution were placed on the substrate at differently cured depositions, 16 minutes and 10 
minutes respectively. The unstrained resistance of 16-minute deposition 2 µm spacing was 
2.07 kΩ and 5.33 MΩ for 10 µm gap. The 10-minute deposition has a resistance of 2.60 
kΩ for 2 µm spacing. The corresponding gauge factors reached 337, 735, 492 respectively 
at maximum strain. This showed an improvement from previously published results, 
because the gauge factors exceed 700, which is 5 times greater than semiconductor devices, 
2 times greater than continuous metallic films. Strain sensitivity improved, and the 
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heightened sensitivity is thought to be due to two-dimensional arrangement of 
nanoparticles and its sensitivity to inter-article spacing. (Tanner, 2011) 
Strain gages are often the biproduct of two coupled materials. Strain sensors convert an 
applied force into electrical signals and measure displacement or strain. Due to their 
interdisciplinary application they are often foreseen as part of micro-electromechanical 
systems (MEMS) technology. (Liu, 2018) 3D printed force sensors with composite 
structures. Digital light processing (DLP) technology was used to 3D print the substrate of 
the force sensor with transparent high-temperature resin. Inkjet printing technology was 
used to print the force sensor of the strain gauge. Poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT/PSS) conductive ink was used for the force sensor. A 
testing apparatus was built to load the sensor with double-hook weights and exert force and 
test the samples in a similar fashion of a cantilever beam. Finite element analysis was used 
to quantify the results and concluded that the sensor sensitivity increased 2.92% N-1. The 
linearity error was 3.1485% and the gauge factor was 0.98. The resistance drifting is less 
than 0.004 kΩ. Test results support information that can be applied to cost effectiveness 
and time-saving advantages of manufacturing methodology, compared to traditional sensor 
manufacturing. This technology can be used in transportation, robotics, manufacturing 
industry, and healthcare technologies. (Liu, 2018) 
Stretchable strain gages allow the exploration of a large strain range, that subsequently 
gives high sensitivity. These typically provide excellent reliability, and are interest in areas 
of soft robotics, wearable devices, and structure-monitoring. Stretchable strain gages, 
which are also known as strain sensors, have a flexible conductive composite material in 
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substrate. (Al-Rubaiai, 2019) used a dual extruder to fabricate soft wind sensors. These 
samples were fabricated from 3 types of filament: conductive graphene PLA from 
Graphene 3D Lab, conductive PLA from Proto-Pasta, USA, and ETPU from Rubber3D 
Printing Sweden. Later these strain sensors were characterized for extensibility and strain-
sensing performance by testing them at varied wind speeds in a wind tunnel. ETPU 
filament exhibited the highest sensitivity. It had a 0%-12.5% wide workable strain range 
and a high sensitivity gauge factor 20, in the strain range of 0%-2%. In addition, ETPU 
showed sensitivity to wind velocity beyond 3.5 ms-1. These results show that ETPU 
provides a low-cost solution and simplicity of 3D sensor fabrication, as well as provide 
robust mechanical properties and versatility in application. (Al-Rubaiai, 2019) 
While strain gages have wide applications and benefits, there effectiveness often 
hinders in the presents of high temperatures. When applied in high temperature 
environments, they often exhibit degradation of electrical stability, material oxidation, and 
thermal strain and creep. (Rahman, 2018) experimented with silver nanoparticle laced 
strain gages, heated to help minimize thermal strain and enhance thermal stability while 
still achieving a high sensitivity. The strain gages were fabricated by aerosol jet printing 
and thermal sintering and impregnated with silver nanoparticle along a rectangular 
cantilever beam substrate. The nanoparticles were densely packed with an in-plane length 
scale of 70 µm and an electrode length of about 6.5 mm. A custom-made mini load frame 
was build and placed in an oven to test the specimens. The sensors were then loaded in 
cyclic strain while in the oven’s heated environment of 500°C. The results yielded a gauge 
factor of 3.15 ± 0.086, which is 57% higher than what is available commercially. In 
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addition, sensor thermal strain was an order of magnitude lower than that of commercial 
gages. In conclusion, the sensors demonstrated, superior performance in high sensitivity, 
low thermal strain, and enhanced thermal stability with minimal thermal strain vs. 
commercial ones. (Rahman, 2018) 
While much can be found on the research of the improvement of strain, resistance, 
sensitivity and other material properties of strain gages, the field of dynamic performance 
of strain sensors lacks. (Maurizi, 2019) performed a dynamic measurement experiment on 
several conductive PLA samples. The research was aimed to study the dynamic 
measurement of the strain in PLA, FDM 3D printed sensors. These samples were tested on 
an apparatus that applied cycle fatigue in the form of vibrations. A high-dynamic-range 
accelerometer, and force meter collected the data as the samples were loaded to fatigue. 
The testing, as well as a numerical model proved dynamic strain measurements up to 800 
Hz. (Maurizi, 2019) 
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III. Methodology  
After conceptualizing and internalizing all the current and developing technologies 
in the field of multi-material 3D printing and strain gages the following experiments were 
conducted. The first part of experimentation entailed, 3D printing ABS trays and doping 
them with various types of nanoparticle/binder solutions. These trays were then tested for 
their conductivity using the electrical conductivity meter (EC meter) seen below.  
 
Figure 1 Auto-ranging multimeter conductivity measuring device 
The second part of the experimentation included designing several iterations of 
strain gages to get the right substrate length to width ratio. The size of the strain gages was 
important to mount them onto the table top load frame for testing. The final design of the 
strain gauge was 3D printed from ABS filament. Then just as in the first experiments, the 
strain gages were doped with the same variations of nanoparticles and binder solution. 
Their conductivity was tested with the same device seen in Figure 1 Auto-ranging 
multimeter conductivity measuring device and then their stiffness was tested by pulling the 
samples in tension on a load frame. The detailed methodology of how these samples were 
created and tested can be seen below. It is important to note that each experiment was only 
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conducted once. Meaning only one sample set was created for each type of testing 
parameter, however, several samples were collected in each individual experiment type.  
A. Part 1: Conductivity Testing Method of Trays 
1) Experiment 1: Pilot Testing of Copper Nanoparticles 
 For the initial experiment copper oxide nanoparticle (CuO, high purity, 99.95+%, 
25-55nm) was purchased and combined at different concentrations of 7mL of NMP (N-
Methyl-2-Pyrrolidinone). The concentrations of copper oxide nanoparticles were measured 
using the scale seen in Figure 3 Scale used to weight copper nanoparticles. The 
concentration increments were: 1.5 grams, 3 grams, 4.5 grams, 6 grams and the solutions 
were put in a glass vile container like below and stored underneath a hood in a chemical 
lab.  
 
Figure 2 Glass vile container 
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Figure 3 Scale used to weight copper nanoparticles  
Then several 3D printed circuit board like trays were created using ABS plastic, see Figure 
4 First Trial Circuit Board Tray. The drawing for the tray can be seen in Appendix A- 
Drawings of Trays with Channels.  
 
Figure 4 First Trial Circuit Board Tray 
 
The right channel of the trays (the trays were labeled with a marker) was layered 
with the binder and left to cure for one week. This way the effects of the binder has on the 
ABS alone can be observed. It was beneficial to understand if an extra layer of the binder 
allowed for better binding when curing. Then both the channels were injected with 0.5 mL 
of the mixed solution. At first a dropper like the one seen in Figure 5 Initial dropper used 
to measure and inject 3D printed trays with NMP and nanoparticle solution was used. 
However, it was concluded that using a needle like dispensing tool such as the one seen in 
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Figure 6 Needle like dropper used to measure solutions and binder would allow for a more 
clearer application and precise application.  
 
Figure 5 Initial dropper used to measure and inject 3D printed trays with NMP and 
nanoparticle solution 
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Figure 6 Needle like dropper used to measure solutions and binder 
The samples created using these tools, included a tray that had no solvent or solution (i.e. 
pure ABS), a tray with only solvent, these were both used as controls. Then 4 trays 
containing, 1.5 grams, 3 grams, 4.5 grams, 6 grams of copper nanoparticles and 7 mL NMP 
respectively. The final product of the first trial looked like so: 
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Figure 7 First Trial Samples 
 
These samples were stored underneath a hood for “curing”. Their conductivity was tested 
after 1 week and the result was inconclusive. Therefore, a second layer of solution was 
layered for each sample respectively. However, after curing for 2 more weeks the results 
were still inconclusive. Finally, a third layer of solution was layered for each sample 
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respectively. However, even after two more weeks of curing in a hood and under a desk 
fan, the results were still inconclusive. Therefore, experiment 2 was conceptualized.   
2) Experiment 2: Testing Nickel, Carbon, Electric Paint  
For the second experiment, conductive pens and electric paint was bought from 
amazon. The nickel conductive pen contained a solution of nickel nanoparticles and 
acetone and was manufactured from MG Chemicals. The carbon conductive pen contained 
acetone, Butan-2-one, carbon black, and 1-Methoxy-2-Propanol Acetate and was also 
manufactured by MG Chemicals. The final product purchased was electric paint, which 
was composed of water, natural resin, conductive carbon, and humectant, processing aids 
and preservatives. Specific natural resin, humectant, etc. used was not listed as Bare 
Conductive, the manufacturer, lists them as a trade secret.  
Five more 3D printed ABS circuit board like trays were printed using the drawing seen 
in Figure 26 Tray design with traces 4.4 mm apart. The first tray had nothing layered, the 
second tray had only solvent layered on its right side and nothing in its left channel. The 
remaining 3 trays had solvent layered on their right channel of their circuit board like tray. 
Then after the solvent was cured underneath the hood for one week, nickel, cooper, and 
electric paint was layered on the right channel. After a week of curing the resistance of the 
left and right substrates was measured. (Even though the substrate was bare, it was 
important to make sure no bleed through happened). In addition, the effects of the select 
binder (NMP) could be observed when mixed with the selected metal material and ABS, 
vs. the metal material and ABS acting alone. After collection of the first set of data, BOTH 
substrates of each respective tray were layered with the respective material and left to cure 
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for one week. This trial was basically mimicking what was done in the first trial but instead 
of cooper nanoparticles, nickel, carbon, and electric paint were used. Finally, the 
conductivity of the second layer was recorded.  
 
Figure 8 Experiment 2 layout. From left to right: nickel, carbon, and electric paint 
The conductivity of this trial was captured after the samples had cured for a week. 
Then after the first data collection a second layer of each respective material was layered. 
Then after a week of curing, the second layer’s data was recorded. The results of this trial 
will be discussed in the methods chapter of this paper. Most notably, what was understood 
from this trial is the side that had binder layered first on the ABS, then the metal 
nanoparticles layered on top had better conductivity than the side with no binder pre-
layered on the ABS.  
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3) Experiment 3: Retesting All Concentrations of Copper, Nickel, and Electric 
Paint 
 Now that conductivity was confirmed in the binding of nickel, carbon, and electric 
paint and the binder was indeed helping increase the conductivity of the materials, trial 3 
was initiated. Trial 3 served as a confirmation check between trial 1 and trial 2, and to 
replicate the results. Since, experiment 1 was a pilot trail and yielded inconclusive results.  
Nine 3D printed ABS trays were created using the drawing seen in Figure 26 Tray design 
with traces 4.4 mm apart. The first tray was left completely untouched. The remaining 8 
trays had solvent layered on the right channel. The previous test concluded that the binder 
does indeed help with binding the two materials (ABS with nickel, ABS with copper, etc.) 
and provides better conductivity results, similar results were sought out in this experiment 
to further validate the findings. After the NMP cured for one week underneath a hood, the 
7 trays were layered once with their respective materials. Tray 3: nickel, tray 4: carbon, 
tray 5: electric paint, tray 6: 1.5 grams cooper solution, tray 7: 3 grams cooper solution, 
tray 8: 4.5 grams cooper solution, tray 9: 6 grams cooper solution.  
 
Figure 9 Experiment 3 layout. From left to right: nickel, carbon, electric paint, 1.5 g 
copper, 3 g copper, 4.5 g copper, and 6 g copper. 
51 
 
These samples were cured for 1 week and then their conductivity was checked and 
recorded. A second application of each respective material was then placed for each 
sample. Again, after a week of curing, the conductivity was checked and recorded. Since 
experiment 3 solidified the methodology, proper materials, and confirmed that the binder 
does indeed positively interact with the nanoparticles and ABS, the experimentation was 
expanded. The next experiment explores how close the substrates can get without 
exhibiting bleed through.  
4) Experiment 4: Testing Trace Distances 
Trial 2 and trial 3 confirmed the findings of the effect of NMP when used to bind two 
materials. Conductivity was confirmed for several of the samples and data was quantified.  
Trial 4 studied the spacing of the traces (channels) of the tray. Does the spacing of the 
traces effect the conductivity of the materials? Can trace proximity cause bleed through of 
nanoparticles between traces? What trace material and geometry will give the lowest 
resistance? For this experiment, four different trays were designed and printed. The first 
design of trays had a spacing of 1.4 mm between the traces, the second set had a spacing 
of 2.4 mm, then 3.4 mm and 4.4 mm respectfully. Drawings of the trays can be seen in: 
Figure 23 Tray design with traces 1.4 mm apart-Figure 26 Tray design with traces 4.4 mm 
apart. Three types of nanoparticles were tested in this experiment: nickel, carbon, and 
electric paint. Therefore, 4 trays of the predefined varying trace distances were printed for 
each material being tested. Of course, 4 control trays of each trace distance were printed as 
well to ensure that the binder itself did not cause conductivity.  
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Figure 10 Example trays tested for conductivity with varying trace separations. From left 
to right: nickel 1.4, nickel 2.4, nickel 3.4, nickel 4.4 
NMP was layered on the right channel of each set of trays. Then after a week of curing 
each material was layered in both channels. Then the data was collected after one week 
and like before the appropriate materials were layered again. The data of the second layer 
was collected using the multimeter as mentioned before. Detailed individual results on this 
experiment can be seen in   
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Appendix E- Experiment 4 Results of all Samples. In this appendix, results of the 
averages of the left and right traces as well as their standard deviations can be observed. 
However, the data that was focused on for this experiment was the resistance of the right 
trace (bound trace) when compared at difference distances and different materials. A 
summary table was created with these results and discussed in the next chapter.  
Trial 4 ended the testing and observation of the conductivity of nickel, carbon, 
electric paint, and copper nanoparticles. Part two of this thesis was to test the effects of 
these concoctions on the material properties. Strain gages were 3D printed and their 
conductivity was tested just like the trays from the previous experiments before being 
placed on a load frame and pulled in tension.  
B. Part 2: Material Testing of Strain Gages 
5) Experiment 5: Conductivity Testing Results of Strain Gages 
As previously mentioned, dog bone samples of different trace distances were 3D 
printed using the MakerBot Replicator 2X. A hexagonal infill pattern was used at 100% 
infill. The hexagonal infill pattern with 100% density was chosen because it exhibits near 
isotropic behavior in tensile testing that will be conducted in a later experiment. The 
distances exemplified those of the trays used in experiment 4, meaning the distances 
between the traces were 1.4 mm, 2.4 mm, 3.4 mm, and 4.4 mm, respectively. The drawings 
of these samples can be seen in   
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Appendix F- Drawings of Dog Bone Samples (Strain Gages). The materials tested in 
this experiment were nickel, carbon, electric paint, and all concentrations of copper (1.5 
grams-6 grams). Even though copper had proven time and time again that it would never 
produce conductivity due to its final drying form, powder, these layups were made to test 
the final experiment and material property, strain.  
Four strain gages of each trace distance were 3D printed for each material type, 
including a set of strain gages that were untampered with (no binder or material was added) 
and a set that just had binder added to the samples. These two sample sets acted as controls. 
Due to the design of the strain gage samples there is one continuous trace, as seen below. 
This shape follows a curved nearly “m” shape versus the trays that had a left and right side 
just straight continuous 77 mm trace with contact pads on the top in bottom, see Appendix 
A- Drawings of Trays with Channels.  
55 
 
 
Figure 11 Strain gauge 1.4 trace example 
 
Figure 12 Tray 1.4 trace example 
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Since experiment 2 and 3 proved that traces with pre-applied binder yielded better 
resistance results, binder was pre-applied to all the necessary sample traces. Like the trays 
in previous experiments, the tray cured for one week before the respective material was 
applied. After a week of curing for each material, conductivity results were collected using 
the multi-meter. Then a second layer was applied and allowed to cure for one more week. 
Then a final set of data was collected for each sample. The data is represented in the next 
chapter.  
The final material layer height of the strain gages was measured for each sample (36 
samples). The averages of each material type’s layer height and percent of material layer 
height compared to the average ABS original material height can be seen below.  
 
Material 
Average Layer Height 
(mm) 
Percent of Total ABS Layer 
Height 
Nickel 0.138 6.91 
EP 0.216 10.8 
Carbon 0.145 7.25 
All Cu 
Samples ~0.157 7.85 
Figure 13 Average Substrate Material Layer Height 
The results concluded that the trace layer height is about a thousandth of a millimeter. The 
average layer height of a strain gage is about 0.045 mm. Therefore, the self-made strain 
gages are about three times the thickness of a typical commercial strain gage.  
6) Experiment 6: Material Testing of Strain Gages 
After the testing the strain gage samples for conductivity, they were loaded on a table 
top Psylotech load frame like the one seen below.  
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Figure 14 Psylotech tabletop load frame 
The Psylotest software was used to communicate and control the load frame. The load 
frame could exert up to 50 N of force. However, these samples are being tested for stiffness 
and therefore just needed to be loaded until fractured. The parameters input into the 
program include the control type to be set to a primary encoder and the segment type to be 
ramp. The sampling rate was set to 20 Hz and the filter cutoff was 100 Hz. The move speed 
and move distance 25.5 µ 
𝑚
𝑠
 . Finally, 20 data points were taken per second.  
 The samples were each labeled with their respective material and trace distance.  
Each sample was then placed into the grips of the load frame and the grips were tightened 
using hex key Allen wrenches. The motors on the load frame were then activated and the 
samples were pulled in tension until failure. The results of this test are observed an analyzed 
in the next chapter.   
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IV. Data/Analysis  
A. Part 1: Conductivity Testing Results of Trays 
1) Experiment 1: Pilot Testing of Copper Nanoparticles  
Quantitative results of the first pilot experiment were not collected because the 
experiment kept yielding inconclusive results. However, it was noticed that the side with 
the pre-applied binder solvent had a smoother application of the copper nanoparticle 
substrate. However, as curing progressed more and more cracking was apparent in the 
samples. An example of the cracking can be seen in Figure 15 Example of experiment 1 
copper tray cracks below.  
 
Figure 15 Example of experiment 1 copper tray cracks 
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In addition to the cracking, the copper nanoparticles would return to their powder form. 
Therefore, several of the samples are coated in copper nanoparticle residue, due to 
transportation of the samples. (The picture in Figure 14 was taken a year after 
experimentation). It was concluded that the ratio of copper nanoparticles to binder could 
be one of the reasons why the results of the conductivity test of the first experiment were 
inconclusive. The nanoparticle laced binder could have been supersaturated. Another 
reason could be the type of binder paired with the nanoparticles. Since the in-house 
nanoparticle solution was not effective, pre-mixed nanoparticles were purchased for 
experiment 2 to be combined with the selected binder.  
2) Experiment 2: Testing Nickel, Carbon, Electric Paint 
The second experiment was the first experiment that yielded quantitative results. As 
can be seen from the example in Figure 15 Example of experiment 1 copper tray cracks, 
the trays were labeled and measured in several locations. The trays were tested for 
conductivity from the left trace to the right trace (for example: L1 to R1 to make sure there 
was no bleed through). Detailed individualize results of each data point can be seen in   
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Appendix C- Experiment 2 Results of all . Below an averaged table of each of the 
materials for their first and second layer can be observed.  
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Nickel 
Unit 
(kΩ) 
Unit 
(kΩ) 
Unit (kΩ)             
 L1 to 
L2 
R1 to 
R2 
Standard 
Deviation 
L1 
to 
R1 
L2 
to 
R2 
L1 
to 
M 
L2 
to 
M 
R1 
to 
M 
R2 
to 
M 
T1 
to 
B1 
T2 
to 
B2 
T1 
to 
T2 
B1 
to 
B2 
T1 
to 
M 
B1 
to 
M 
Layer 
1 
open 
circuit 
54.02 
3.48 
open circuit 
Layer 
2 
0.0412 
 
0.0281 
0.00386 
Table 4 Averages of layer 1 and layer 2 for nickel conductive pen experiment 2 
As can be noted from the table, the second application reduced the resistance of the 
nickel substrate substantially. When calculating the resistance reduction from 54.02 kΩ to 
0.0281 kΩ, a 99% decrease in resistance can be seen. It can also be noted that the resistance 
of the right side (had binder pre-applied before nickel conductive pen) was slightly lower 
than that of the unbound left side. Therefore, the binder had a positive effect on the nickel 
nanoparticle binding with ABS. The binder was able to bind the two materials to yield a 
lower resistance.  
Electric 
Paint 
Unit 
(kΩ) 
Unit 
(kΩ) 
Unit (kΩ)             
 L1 to 
L2 
R1 
to 
R2 
Standard 
Deviation 
L1 
to 
R1 
L2 
to 
R2 
L1 
to 
M 
L2 
to 
M 
R1 
to 
M 
R2 
to 
M 
T1 
to 
B1 
T2 
to 
B2 
T1 
to 
T2 
B1 
to 
B2 
T1 
to 
M 
B1 
to 
M 
Layer 1 
open 
circuit 
6.37 0.0547 
open circuit 
Layer 2 2.201  
 
1.08 0.0475 
Table 5 Averages of layer 1 and layer 2 for electric paint experiment 2 
 The results from the conductivity from the electric paint was also very encouraging. 
Initially, the resistance of the trace with the pre-applied binder was 6.374 kΩ then it 
exhibited an 83% reduction in resistance to 1.078 kΩ. It is also worth noting that just like 
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in the nickel sample, the electric paint sample exhibited better resistance on the trace that 
had the binder pre-applied. 
Carbon 
Unit 
(kΩ) 
Unit 
(kΩ) 
Unit (kΩ)             
 L1 to 
L2 
R1 
to 
R2 
Standard 
Deviation 
L1 
to 
R1 
L2 
to 
R2 
L1 
to 
M 
L2 
to 
M 
R1 
to 
M 
R2 
to 
M 
T1 
to 
B1 
T2 
to 
B2 
T1 
to 
T2 
B1 
to 
B2 
T1 
to 
M 
B1 
to 
M 
Layer 
1 
open 
circuit 
7.02 0.109 
open circuit 
Layer 
2 
4.004 1.47 0.0886 
Table 6 Averages of layer 1 and layer 2 for carbon conductive pen experiment 2 
 Just like the trends seen in nickel and electric paint, the carbon samples showed 
better resistance on the second layer application and when compared against no binder. 
When comparing the first and second layer, a 79% decrease of resistance was observed. 
When comparing the bound side versus the unbound side, the bound side a 63% decrease 
in resistance. Compared to all the other samples, the nickel samples yielded the lowest 
resistance results.  
Material Resistance of R1 to R2 Layer 2 (kΩ) 
Nickel 0.0281  
EP 1.08 
Carbon 1.47 
Figure 16 Focused average results of experiment 2 
A table was created highlighting the important final results of experiment 2. The lowest 
resistance was collected from the second layer of each of the respective samples and on the 
bound trace. To confirm these results and test the limits of bleeding through within the 
ABS 3D printed trays, experiment 3 was conceptualized.  
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3) Experiment 3: Retesting All Concentrations of Copper, Nickel, and Electric 
Paint 
When quantifying experiment 3, which served as a redo and confirmation of 
experiment two, the results were highly supportive of experiments 2’s findings. The binder 
did in need help bind and increase the conductivity of the nanoparticle traces. The right 
side of the trays (side with binder) had a substantial decreased resistance compared to the 
unbonded side. The findings and averages are discussed below in detail. These average 
results were derived by taking resistance samples 5 times for each material tray. The 
controls, tray with no binder or material overlay, and tray with only binder, yielded no 
results, and therefore, no tables were generated of their results. Individual results can be 
seen in   
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Appendix D- Experiment 3 Results of all Samples.  
When looking at the average results of the first layer of the nickel samples, the right 
side had a resistance that is 51% lower than the left side. This was after only one week of 
curing. When comparing the right side of the tray from week 1 to week 2, a 99.88% 
decrease in the resistance proved that the binder helped cure the nickel nanoparticles to a 
lower resistance and hence better conductivity.  
Nickel Unit (kΩ) 
Unit 
(kΩ) 
Unit (kΩ) Unit (kΩ) 
 
 L1 to L2  R1 to R2 
L1 to L2 
Standard 
Deviation 
R1 to R2 
Standard 
Deviation 
All testing locations outside of 
substrate 
Layer 1 30.4 14.8 0.339 
 
0.206 
open circuit 
Layer 2 0.0182 0.0169 0.0002 0.0002 
Table 7 Averages of layer 1 and layer 2 for nickel conductive pen experiment 3 
 Overall, electric paint started off at a much lower resistance than that of nickel. 
Nickel started at a resistance between 14-31 kΩ, while electric pain started in the resistance 
range of 2-5 kΩ. When comparing layer 1 results of electric paint, the right side of the tray 
saw a 47.47% decrease in the resistance. That is comparable to nickel’s decrease of 
resistance for the first layer which was 51%. While, electric paint yielded similar results to 
that of nickel, nickel is still slightly more favorable. When observing the bound trace, an 
83.90% drop in the resistance was observed when comparing the electric paint’s trace of 
layer 1 vs. layer 2. While that is a positive result, that is still not as high as nickel’s 99.88%.   
Electric 
Paint 
Unit (kΩ) Unit (kΩ) 
Unit (kΩ) Unit (kΩ)  
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 L1 to L2 
Resistance 
R1 to R2 
Resistance 
L1 to L2 
Standard 
Deviation 
R1 to R2 
Standard 
Deviation 
All testing locations outside of 
substrate 
Layer 1 5.072 2.66  
 
0.037 0.166 
open circuit 
Layer 2 0.507 
 
0.429 
 
0.010 0.004 
Table 8 Averages of layer 1 and layer 2 for electric paint experiment 3 
 The results of the carbon sample took some effort and attention to environment to 
be understood. Naturally, when comparing the bound and unbound side, the bound side 
had a lower resistance and therefore, higher conductivity. However, when looking at the 
layer 1 results vs layer 2 results, layer 2 had a higher resistance than layer 1. The trend was 
untraditional compared to the other experiments and their samples. Something had 
interfered with the bonding of the nanoparticles and ABS. 
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Carbon Unit (kΩ) Unit (kΩ) Unit (kΩ) Unit (kΩ)  
 L1 to L2 
Resistance 
R1 to R2 
Resistance 
L1 to L2 
Standard 
Deviation 
R1 to R2 
Standard 
Deviation 
All testing locations 
outside of substrate 
Layer 1 4.03  
 
1.27 0.042 0.015 
open circuit 
Layer 2 5.72  
 
4.58 0.052 0.004 
Table 9 Averages of layer 1 and layer 2 for carbon conductive pen experiment 3 
Experiment 1 and experiment 2 were conceptualized, 3D printed, layered, and 
tested in the winter (November 2018-February 2019). Experiment 3 was done in the mixed 
weather of the spring of 2019. It was noticed that some days when entering the lab, the air 
conditioning would be on, and other days the air conditioning was off. Of course, with the 
conditioning and environmental climate changes, there are more drastic changed in the 
humidity in the air. The researcher was observing the effects of humidity, and environment 
changes on the carbon sample. This observation is consistent with the findings of previous 
researchers. (Amelia Elliott, 2016) adjusted her methodology when conducting her 
research to minimize the effects of environmental changes curing the samples faster. This 
research went a step further and shortened the curing time by using a furnace and a ramping 
temperature schedule for the samples. This would shorten the curing time of the samples 
so data can be collected as soon as possible before environmental effects can introduce 
uncertainty. Other researchers built an enclosed temperature/humidity controlled apparatus 
to store the samples in while they cured in natural air. (Jason Cantrell, 2017) didn’t build 
an apparatus nor used a furnace to cure his samples. He cured them in open air but took 
note of the temperature in the room when testing the strength of his specimens. He 
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conducted several experiments on the effects of temperature and humidity changes on the 
material properties of his nanoparticle bound samples.  
 While, this instance seen in the carbon sample can be paralleled to previous 
literature and can possibly explain the root of why an increase in resistance was seen 
between layer 1 and layer 2, it doesn’t explain why similar reactions were not seen in nickel 
and the electric paint? To understand why nickel and electric paint possibly didn’t react in 
the way that carbon did make qualitative observations of the nature of the carbon samples. 
When examining the carbon samples, the carbon can be seen to dry and crack as curing 
time progresses. Of course, any crack in the substrate will produce an open circuit and 
therefore, will not allow for conductivity. This is similar to the copper samples, who dried 
into a powder and produced an open circuit as well. Cracks in the carbon sample can be 
seen in the layout of the trace.  
 
Figure 17 Drying of carbon sample 
68 
 
Just like how, all the copper samples could not give resistance data because the 
samples dried to a very loose powder, and resulted in an open circuit, the carbon under the 
right condition, sees a decline in conductivity due to its drying nature. The electric paint 
dries to more of a plastic putty, and the nickel takes the look of ink or paint.  
 
Figure 18 Drying of nickel sample 
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Figure 19 Drying of electric paint sample 
Therefore, the carbon material appears to be more sensitive to environmental 
conditions than nickel and electric paint. To further test this hypothesis the carbon sample 
was left to cure for a month straight. After four weeks the results can be seen below.  
Carbon  
Unit 
(kΩ) 
Unit 
(kΩ) 
            
 L1 to 
L2 
R1 to 
R2 
L1 
to 
R1 
L2 
to 
R2 
L1 
to 
M 
L2 
to 
M 
R1 
to 
M 
R2 
to 
M 
T1 
to 
B1 
T2 
to 
B2 
T1 
to 
T2  
B1 
to 
B2  
T1 
to 
M 
B1 
to 
M 
Trial 1 
open 
circuit 
189 
open circuit 
Trial 2 189 
Trial 3 188 
Trial 4 188 
Trial 5 187 
Table 10 Carbon individualized tray results from second layer after 4 weeks experiment 3 
The left side of the sample with no binder dried to point that it cracked all the way 
through and lost all conductivity. The resistance of the bound right side increased. It is 
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theorized that the binder more effectively entrains the nanoparticles in the ABS substrate 
material. 
While, the experimental environment failed to decrease the resistance of the carbon 
when a second layer of material was added and cured for a longer period, it did not prohibit 
from the data proving that a binder does indeed help improve the binding and subsequently 
the conductivity of the nanoparticle/ABS substrate.  
A comprehensive summary of the data discussed above can be seen in the table 
below.  
Material 
Percent decrease of 
resistance from unbound 
side to bound side (layer 1) 
Percent decrease of 
resistance from unbound 
side to bound side (layer 1) 
Percent decrease of 
resistance between layer 1 
and layer 2 
Percent decrease of 
resistance between 
layer 1 and layer 2 
Nickel 51.4 % 7.57% 99.9% 99.9% 
Electric Paint 47.5% 15.4% 90.0% 83.9% 
Carbon 68.5% 20.0% -42% -261% 
Table 11 Summary of resistance decrease and effect of adding a second layer in 
experiment 3 
The last two columns explain how adding a second layer of nanoparticles does 
indeed benefit the substrate. Adding a second layer whether the material is bound or 
unbound improves the results because the 3D printed samples have voids in them and when 
you layer them you fill in the voids. The more layers the more the voids are packed. As 
explained before, temperature, and humidity effects affected the bonding of the carbon 
nanoparticles because these nanoparticles cured to more of a powder (powder has more 
voids in their particles) form than the nickel and electric paint samples.  
4) Experiment 4: Testing Substrate Distances 
The data collection of experiment 4 was consistent with the procedures in experiments 
1, 2, and 3. A multimeter was used to collect resistance data. The goal of experiment 1, 
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which was conducted as a pilot run to create a nanoparticle laced binder, was to determine 
if it was possible to bind CuO nanoparticles with ABS using NMP as a binder and achieve 
conductivity. Nanoparticles were successfully bound in experiment 2 (after the 
nanoparticle material was changed) and then experiment 3 confirmed that indeed the 
nanoparticles chosen do conduct, the binder does indeed decrease the resistance, and a 
second layer does indeed fill the voids in the 3D printed ABS trays. Since, those points 
were proven, only the averages of the bound side and second layer of the trays printed for 
experiment 4 were discusses. (All samples had a lower resistance in their second layer than 
their first, because they were done all in one stable season). Individualized data and layer 
1 summarized data can be seen in Experiment 4 Results of all Layer 1 Samples. Below is 
the summary data of layer 2.  
Layer 2 
R1 to R2 
1.4 (kΩ) 
ST.DEV 
Unit 
(kΩ) 
R1 to R2 
2.4 (kΩ) 
ST. DEV 
Unit 
(kΩ) 
R1 to R2 
3.4 (kΩ) 
ST.DEV 
Unit 
(kΩ) 
R1 to R2 
4.4 (kΩ) 
ST.DEV 
Unit 
(kΩ) 
nickel  0.0122 0.000248 0.00662 0.000147 0.006 0.000126 0.00846 0.000215 
electric 
paint 
0.285 0.00429 0.311 0.0137 0.337 0.0114 0.368 0.00979 
carbon 1.31 0.0423 1.19 0.0249 1.95 0.486 2.00 0.0194 
Table 12 Layer 2 experiment 4 summary 
The lowest resistance that each material exhibited was identified in red and bold in 
Table 12 Layer 2 experiment 4 summary. The substrate distance with the lowest resistance 
was identified to be 3.4 mm. All the samples were tested at varying locations on the trays 
like outlined in previous experiments and can be observed in Figure 8 Experiment 2 layout. 
From left to right: nickel, carbon, and electric paint and Figure 15 Example of experiment 
1 copper tray cracks. When tested at these prelabeled locations, it was confirmed that none 
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of the samples no matter what material bled and observed conductivity outside of the 
respective substrates. The material that yielded the lowest average resistance was nickel. 
This is hypothesized to be contributed to the drying form of this nanoparticle. It dries into 
a pen ink or paint like consistency. That drying form gives better material distribution 
within the substrate than the putty like drying form of the electric paint or potential cracking 
crevasses of carbon nanoparticles.  
Note that a tray of just ABS and a tray with binder, were also laid up and tested. 
However, only nickel, electric paint, and carbon yielded results. Because experiment 1 and 
experiment 3 confirmed that the self-made concentrations of copper nanoparticles lose 
conductivity and due to their final curing form (powder), samples were not made to test 
them in this experiment since they would likely conclude to inconclusive results. Lastly, 
this experiment was conducted once and 36 samples were tested and averaged to obtain the 
summarized results. This experiment can be conducted multiple times and a 3D printer 
with tighter printing tolerance can be used to print traces that are closer than 1 mm apart, 
to fully understand the limitations of the trace separation distances before exhibiting bleed 
through between the traces. Now that enough data has been collected about the nature of 
conductivity when binding the selected nanoparticles, it was time to observe another 
material property, strain. Part 2 of this thesis experiments the resistance and strain of the 
nanoparticles when tested on dog bone samples and loaded on a load frame.  
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B. Part 2: Material Testing of Strain Gages 
5) Experiment 5: Conductivity Testing Results of Strain Gages 
Before testing the strain of the prepared strain gages, it is critical to quantify their 
conductivity by measuring the resistance of the traces. As mentioned in Experiment 5: 
Conductivity Testing Results of Strain Gages, these samples were treated with the binder, 
NMP, then layered with each respective material twice. The results of the first layer can be 
seen in   
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Appendix G- Experiment 5 Results of all Individual Samples. Just like all the 
experiments before, the second application yielded better resistance results, therefore, 
second layer results will be discussed in this section. It should be noted that lay ups of 
samples containing all 4 of the concentrations of copper (1.5, 3, 4.5, 6) grams were also 
created, however like all other experiments, they yielded no conductive data. However, it 
is hoped that these samples will yield strain data.  
The resistance results for nickel can be seen below. The sample with 4.4 mm spacing 
between the traces yielded the lowest resistance for nickel. On average the resistance of the 
fourth sample was about ~19% better than the other samples. There accompanying standard 
deviations confirm that the results are reliable since, all the standard deviations are 
extremely low.   
 Nickle 1.4 Nickle 2.4 Nickle 3.4 Nickle 4.4 
Resistance Averages Layer 2 (kΩ) 0.0369 0.0310 0.0318 0.0280 
Standard Deviation  0.000206 0.000223 0.00008 0.000224 
Table 13 Nickel experiment 5 layer 2 summarized results 
 The electric paint results share some similarities with nickel but also a few 
differences. The standard deviations are extremely low, however the sample with the 
lowest resistance was the sample with 1.4 mm between the traces. When comparing the 1.4 
mm sample to the others, on average it produced a ~13% lower resistance. Also, it can be 
noticed, that like the previous experiments, nickel always produced the best resistance 
results, followed by electric paint, and then finally carbon.  
 EP 1.4 EP 2.4 EP 3.4 EP 4.4 
Resistance Averages Layer 2 (kΩ) 0.537 0.624 0.644 0.577 
Standard Deviation 0.0107 0.0371 0.0148 0.00354 
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Table 14 Electric paint experiment 5 layer 2 summarized results 
 Like electric paint, carbon’s 1.4 mm trace spacing sample produced the best 
resistance results. On average, when the resistance of the 1.4 mm trace sample was 
compared to the resistance of the other samples it yielded about a ~ 85% improvement on 
resistance.  
 Carbon 1.4 Carbon 2.4 Carbon 3.4 Carbon 4.4 
Resistance Averages Layer 2 (kΩ) 1.39 15.7 8.77 7.30 
Standard Deviation 0.417 0.0729 1.95 0.0290 
Table 15 Carbon experiment 5 layer 2 summarized results 
 The importance of collecting resistance data, is to highlight the conductivity that 
the selected nanoparticle material adds to the 3D printed substrate. The better conductive 
and uniform the pathway of the created strain gages, the higher voltage that can be loaded 
along the pathway. For example, instead of conducting 3V of current across a typical film 
strain gauge, potentially 12V can be conducted via a nanoparticle substrate. Because the 
samples identified different trace distances that yielded the lowest resistance, it brings up 
a potential new research topic. Could it be that when studying resistance, certain 
nanoparticles are better compatible with specific trace distances? It was observed when 
comparing the electric paint sample in experiment 4 and experiment 5. The results seem to 
suggest that electric paint gives the best resistance results when the traces are 1.4 mm apart. 
Similar information can be said about the other materials and there suspected “best match” 
substrate distance. However, more data needs to be collected before conclusions can be 
drawn. This idea alone can lead to a new thesis research topic.  
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6) Experiment 6: Material Testing of Strain Gages  
 The data collected from the load frame was extruded in the form of text files and 
imported into excel. The data given include the time elapsed (seconds), load exerted 
(Newtons), and displacement (meters). First the cross-sectional area of the specimen’s 
needs to be calculated. Since there are four possible strain gauge geometries (each 
geometry corresponds to the respective substrate distance 1.4 mm, 2.4 mm, 3.4 mm and 
4.4 mm) there are four cross sectional area’s that need to be calculated.  
 
Figure 20 Zoning for calculating cross sectional area of strain gages 
The cross-sectional area was calculated by hand using the zoning shown in Figure 20 
Zoning for calculating cross sectional area of strain gages as well as confirmed using the 
calculated results in SolidWorks.  
Cross Sectional Area 𝑚2 
Substrate distance 
of 1.4 mm 
Substrate distance 
of 2.4 mm 
Substrate distance 
of 3.4 mm 
Substrate distance 
of 4.4 mm 
0.0000546 0.0000636 0.0000726 0.0000816 
Table 16 Cross sectional area for each type of strain gauge geometry 
After the cross-sectional area was calculated the stress can finally be calculated. 
Hibbeler states, “Stress is… the strength of the material from which the body is made.” 
(Hibbeler, 2014) The stress equation can be observed below.  
𝜎 =
𝑃
𝐴0
           Equation 1 
σ commonly represents stress while P represents the load applied by the load frame. Note 
that the load is applied by the grips of the load frame as the motors pull the samples in 
Zone 1 
Zone 2 
Zone 3 
Zone 4 
Zone 5 
Zone 6 
Zone 7 
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tension. 𝐴0 represents the cross-sectional area, and as mentioned before there are four cross 
sectional areas for each type of geometry. Therefore, the load data will be divided by the 
appropriate cross-sectional area for each sample type. Stress was calculated in Pa.  
 After stress values are found, strain can be calculated. (Hibbeler, 2014) states, 
“…engineering strain is found directly from the strain gauge reading, or by dividing the 
change in the specimen’s gauge length, 𝛿, by the specimen’s original gauge length  𝐿0.” The 
equation can be observed below, where ε represents strain. Strain is unitless.  
𝜀 =
𝛿
𝐿0
       Equation 2 
After stress and strain was calculated for each data point, the results were graphed. Strain 
was placed on the x-axis, while stress was expressed on the y-axis. After the stress and 
strain were graphed, the linear trendline was added to each data set. The slope of linear 
equation serves as the Young’s Modulus. (Hibbeler, 2014) states, “…E represents the 
constant of proportionality…”, he further adds, that Young’s Modulus “actually represents 
the equation of the initial straight-lined portion of the stress-strain diagram up to the 
proportional limit”, which is also known as Hooke’s law.  
𝐸 =
𝜎
𝜀
       Equation 3 
In addition to Young’s Modulus, the ultimate stress can be found by observing the 
maximum stress that each sample could withstand before plastic deformation, or nonlinear 
deformation, begins. Finally, the last point of interest is the elastic limit. The elastic limit 
expresses the extent that a sample can be pulled in tension before plastic deformation. 
Usually this is 0.2% offset of the Young’s Modulus. The last parameter that needs to be 
explained is material stiffness. Stiffness is the limit that a body will resists deformation 
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when a force is applied. There were 9 sample materials tested and analyzed for this 
experiment (nickel, carbon, electric paint, copper 1.5, copper 3, copper 4.5, copper 6), for 
a total of 36 samples. To focus this chapter, one chart was selected to discuss how the data 
was analyzed. All other charts and individualized data to how the averages discussed in 
this chapter were obtained can be seen in   
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Appendix H- Experiment 6 Results of all Individual Samples. 
Figure 21 Stress vs. Strain Graph Nickel Strain Gages 
As can be seen from the nickel sample graph above, each strain gauge was plotted 
on a stress vs. strain axis. Then the linear trendlines were expressed and the Young’s 
modulus could be observed. The Young’s modulus information was recorded for each 
sample and stored in  
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Appendix H- Experiment 6 Results of all Individual Samples. Once the Young’s 
modulus and strain were obtained, the Young’s modulus could be multiplied by 0.2% to 
obtain the elastic limit. Finally, a scroll through the draw data for each sample, reveals the 
ultimate stress that each sample observed. Individuals of all these results can be seen in  
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Appendix H- Experiment 6 Results of all Individual Samples and averages of 
the material properties for each sample type can be seen in the table below. The 
Young’s moduli of the 36 samples were averaged and compared in order to 
quantify which nanoparticle increased the stiffness of ABS the most.  
ABS Binder Carbon Nickel EP Cu 1.5 g Cu 3 g Cu 4.5 g Cu 6 g 
Average 
Young's 
Modulus 
(GPa) 
0.125 0.133 0.165 0.171 0.170 0.138 0.140 0.148 0.141 
Average 
Elastic 
Limit 
0.000250 0.000265 0.00033 0.000341 0.000334 0.00277 0.00028 0.00296 0.00282 
Average 
Ultimate 
Stress 
27.7 27.0 26.0 25.6 26.8 26.9 25.03 26.4 26.2 
Table 17 Material property averages of 9 samples
When comparing all the nanoparticle treated samples to the pure ABS sample, they 
all yielded higher average Young’s modulus results. This testing method effected the ABS 
strain gauge’s because it caused localized strain hardening along its conductive pathway. 
As can be seen from the chart above, nickel gave the highest average Young’s modulus 
and elastic strain which are both associated via Hooke’s law. Therefore, it can be said that 
when measuring resistance and stiffness the nickel nanoparticles outperformed all the other 
materials in the experimentation and even improved the material properties of the pure 
ABS samples. But how much was the increase in stiffness?  
A chart was created plotting the data from a bound sample of nickel, a not bound 
sample of nickel, pure ABS sample, and only bound with NMP sample with no combined 
nanoparticles. These samples were all from the 4.4 mm trace distance geometry.  
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Table 18 Nickel's improvement on ABS and binder only samples 
As can be seen from the chart above, the bound nickel sample yielded the best 
Young’s modulus, second the not bound nickel sample, third the bound sample and last the 
pure ABS sample. The bound nickel sample demonstrated that it can improve the stiffness 
of pure ABS by 51.7%. Not bound nickel sample improved the stiffness of the of the ABS 
strain gage by 39.0 %. The bound nickel sample improved the stiffness by 65.7% when 
compared to a sample that was only bound. The unbound nickel sample improved the 
stiffness of the only bound ABS sample by 51.9%. This experiment concluded the binder 
softens the ABS. However, the nickel nanoparticles improve the stiffness of ABS and when 
combined bound nickel nanoparticles and ABS give the best strain results and subsequently 
the highest Young’s modulus. 
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V. Conclusion 
As competition in the manufacturing sector builds, companies are exploring more 
ways to preserve costs and stay ahead of the curve. One of these cost saving methods is 
switching from subtracting machining methods, such as milling, to additive manufacturing 
methods. Through additive manufacturing, scientist and engineers have tried various 
methods to bind materials, whither powder, nanoparticles, solutions, etc. to improve the 
material properties of the 3D printed filament. This research, “Experiments with a binder 
in fused deposition modeling (FDM) printing, to determine the best approach to 
providing/printing an electrically conductive material on a substrate, as well as improve 
the stiffness of the doped samples.” 
Six experiments were conducted, each once, to complete this study. In the first 
experiment (administered as a pilot experiment, that tested 6 samples), 3D printed 
Acrylonitrile Butadiene Styrene (ABS) trays, with a left and right substrate, were doped 
with a binder with various concentrations of copper nanoparticles (1.5 grams, 3 grams, 4.5 
grams, and 6 grams respectively) on both the left and right side. However, after many failed 
attempts it was concluded that due to the drying nature, concentration, and binding 
combination, the nanoparticles cured to their original powder form, instead of binding to 
the ABS. It was concluded that it was unfeasible to lace CuO nanoparticles with the 
selected binder, NMP. Therefore, in the second experiment new nanoparticles were sought 
out.  
The second experiment, 3 samples were made using the same methodology used in 
experiment 1 to test the binder effect on the conductivity of, nickel, carbon, and electric 
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paint. The right side of the ABS trays was pre-applied with binder while the left was left 
bare. Then the nanoparticles were layered twice and left to cure. The testing concluded 
promising results and it was apparent that adding a second layer of nanoparticles decreased 
the resistance of all the samples, the binder did indeed help improve conductivity, and 
nickel yielded the lowest resistance at 0.0281 kΩ.  
A third experiment was meant to repeat experiment 1 and 2 to confirm the results 
found. Nine samples were created, each one corresponding to the respective material type 
including the controls, one unbound sample and one pure ABS sample, in addition to 
(nickel, electric paint, copper 1.5 grams, etc.) Once again, a second layer of nanoparticles 
did indeed fill the voids in the 3D printed ABS trays, which lead to better material 
distribution and consequently, lower resistance and an increase in conductivity. However, 
an interesting phenomenon was observed. The resistance of the carbon sample had 
increased instead of decreased. This finding was consistent with previous literature 
detailing the effect of variation of humidity and temperature in the testing lab on 
nanoparticle bound sample’s material properties.  
The fourth experiment sought to determine the relationship between trace distance 
and nanoparticles. For this experiment 36 samples were created, because there were four 
geometries tested for each sample material type. The distance between the substrates was 
varied to determine the tolerance of the material and binder bleed through. Fortunately, in 
their tightest/closest trace distance none of the samples exhibited material bleed through. 
In other words, the samples only saw resistance within their traces. However, no trace 
distance seemed to be superior over the other. It seemed that the substrate distance did little 
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to affect the resistance of the samples. Which is important when analyzing the integrity of 
the experiments and results of this study. 
The fifth and sixth experiment were conducted on strain gages and severed to test 
the material stiffness of the strain gages. Like experiment 1-4, experiment 5 sought to test 
the conductivity and substrate distance relationship between the nanoparticles, but on strain 
gages instead of one-line trace trays. The results of this rest mimicked exactly what was 
determined in the previous experiments. Layer 2 application of the nanoparticles yielded 
better resistance, the trace distance did not disturb (wither increase or decrease) the 
conductivity of the samples, and nickel provided the lowest resistance when compared to 
all the other nanoparticle samples.  
The sixth and last experiment tested the strain of the various materials introduced 
in this study. It was concluded that binder does indeed increase the stiffness of the ABS. 
When adding any of the nanoparticles, an increase of the Young’s module was observed. 
Therefore, a binding of the respective nanoparticles and ABS was successful. However, 
nickel proved to be the most superior of all the nanoparticles because it yielded the highest 
Young’s modulus. When compared to the pure ABS sample, the bound nickel sample 
improved the stiffness by 51.7%. The not bound nickel sample improved the stiffness of 
the strain gauge of ABS by 39.0%. In light of concluding experiment 6, and subsequently 
the research, it was determined that the methodology outlined will cause localized strain 
hardening which will affect ABS performance when tested on a load frame.  
The design statement, “Experimentation with binder infused deposition model 
printing, to determine the best approach to providing an electrically conductive material on 
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a substrate, as well as improve the stiffness of ABS”, was answered in this through and 
detailed study. The best approach to providing an electrically conductive path is by 
applying NMP to the ABS sample, then layering two layers of nickel nanoparticles. The 
binder selected softens the surface of the ABS substrate which allowed for better adhesion 
between filament and nanoparticles. Nickel yielded the lowest resistance results time and 
time again when compared across experiments. Subsequently, nickel nanoparticles best 
improve the stiffness of ABS.  
Through this research much was learned and left to be desired. First as some 
engineers and scientist have done before, a closed climate apparatus should have been built 
to eliminate environmental effects on the curing samples. An entire study, like the one 
conducted by (Jason Cantrell, 2017) can be done on the material property effects that 
temperature and humidity have on bound nanoparticle samples. It would be interesting to 
see what would happen if environmental effects were strategically forced on the samples, 
in the form of ramping humidity in a closed apparatus and then testing the samples.  
A focused study can be done on the relationship between the substrate distance of 
the doped 3D printed trays. Using a higher resolution 3D printer, it can be tested how close 
can the traces get without causing bleed through? The MakerBot Replicator 2X that was 
used could only print at 1 mm minimum spacing. However, with the use of a higher 
resolution 3D printer closer traces can be printed.   
If this testing was conducted again, a depositing nozzle would be programed to 
deposit a steady flow of nanoparticles instead of a human hand. This could eliminate the 
biggest human error that can be linked to this study. It would also ensure that all samples 
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consistently had the best material distribution amongst their pathways and would eliminate 
clumping and potential breaks in the substrates.  
The strain gages made with the methodology outlined in this research were loaded 
on a load frame to conceptualize the material property of strain hardening of ABS. 
However, since the samples created were basically resistors a Wheatstone bridge can be 
created with these samples to balance a current. The Wheatstone bridge can be attached to 
the samples as they’re experiencing tensile force on the load frame. As the strain gage 
samples are stretched, the resistance of the samples will increase, which subsequently will 
cause the conductivity to decrease. The findings of the Wheatstone bride, resistance verse 
strain, can be plotted against the material properties of stress vs. strain of the tested strain 
gages. A conclusion can be drawn about the relationship between strain hardening and 
resistance versus strain data.  
Finally, this testing only explored improving the material properties of ABS. It 
would be interesting, and beneficial to the field of science, to understand how other 
filaments such as PLA would react to the FMD method of binding nanoparticles. It is 
possible that similar results could be duplicated, to see if localized strain hardening can be 
achieved along the conductive pathway of PLA doped with nanoparticles.  
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VII. Appendix A- Drawings of Trays with Channels 
 
 
Figure 22 Conductivity tray proposal drawing 
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Figure 23 Tray design with traces 1.4 mm apart 
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Figure 24 Tray design with traces 2.4 mm apart 
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Figure 25 Tray design with traces 3.4 mm apart 
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Figure 26 Tray design with traces 4.4 mm apart 
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VIII. Appendix B- Conductivity Test Plan 
Conductivity Test plan 
Materials: 
Copper Oxide Nanoparticles 
N-methyl-2-pyrrolidinone (NMP) Solvent 
Glass vile containers 
Droppers 
Voltmeter 
3D printer 
Lab with hood to store ABS 
 
Copper Oxide Nanoparticles Specifics: 
Density, bulk 0.79 g/cm3 
Density, true 6.30-6.49 g/cm3 
 
3D Printing Test plan: 
1. Clean the Maker bot printing surface.  
2. Set up the 3D printing parameters 
3. 3D print six ABS trays in Dr. Turners Lab. 
Preparation of Solution (in Dr. Martinez-Duarte’s Lab) 
1. Lay out 5 glass vile containers. 
2. Put 1 mL of NMP Solvent in each vile. 
3. In the first vile put 1.5 grams of CuO. 
4. In the second vile put 3 grams of CuO. 
5. In the third vile put 4.5 grams of CuO. 
6. In the fourth vile put 6 grams of Cu0. 
7. The fifth vile is just NMP Solvent. 
8. Mix all the solutions well by shaking for 15 seconds each.  
9. Check to see if CuO remains undissolved. 
10.  If the CuO is undissolved, repeat step 3-8 as necessary until all CuO is in solution. 
11. Add specified amounts of CuO to remaining vials as specified. 
12.  Add the same number of ml of NMP as in the first vile to each subsequent vile. 
13. Mix until all CuO is in the newly “calibrated” solution. 
Dissolving Solution in ABS (in Dr. Martinez-Duarte’s Lab) 
1. Place the 6 3D printed models on a flat surface.  
2. Place no solution in one model. 
3. Place only NMP in another model. 
4. Place the first mixture in one model, second mixture in another model, etc.  
5. Label the samples and let sit for 24 hours. (After evaporation the trays may be taken 
out of Dr. Martinez-Duarte’s Lab) 
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6. Check voltage and record data. Not only do we want to check the end pads, but we 
also want to check in a grid along the slots to get an idea of the “dispersion” of the 
conductive material out of the substrate. 
 
Figure 27 3D printed “Tray” Model 
The solution will be contained in the canals. A voltmeter will be used at the ends to check 
voltage.  
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IX. Appendix C- Experiment 2 Results of all Samples  
For tables (Table 19-Table 24) below, a binder was put on the right side of the tray then 
left to cure for a week. Then the appropriate nanoparticle was layered on the right side. The 
data obtained from the first layering can be seen in the tables below. After this data was 
collected both substrates were filled with the appropriate material and the results of the 
second layering was recorded.  
Nickel Unit (kΩ) 
 L1 to L2 R1 to R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2 
B1 to 
B2 
T1 to 
M 
B1 to 
M 
Trial 1 
open 
circuit 
53.8 
open circuit 
Trial 2 60.8 
Trial 3 51.9 
Trial 4 52.2 
Trial 5 51.4 
Table 19 Nickel nanoparticle individualized tray results from first layer experiment 2 
Electric 
Paint 
Unit (kΩ) 
 L1 to L2 R1 to R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2 
B1 to 
B2 
T1 to 
M 
B1 to 
M 
Trial 1 
open 
circuit 
6.7 
open circuit 
Trial 2 6.34 
Trial 3 6.31 
Trial 4 6.3 
Trial 5 6.22 
Table 20 Electric Paint individualized tray results from first layer experiment 2 
Carbon Unit (kΩ) 
 L1 to L2 R1 to R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2 
B1 to 
B2 
T1 to 
M 
B1 to 
M 
Trial 1 
open 
circuit 
7.41 
open circuit 
Trial 2 6.9 
Trial 3 6.95 
Trial 4 6.96 
Trial 5 6.88 
Table 21 Carbon nanoparticle individualized tray results from first layer experiment 2 
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Nickel Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2 
B1 to 
B2 
T1 to 
M 
B1 to 
M 
Trial 1 0.0411 0.0277 
open circuit 
Trial 2 0.0416 0.0282 
Trial 3 0.0416 0.0279 
Trial 4 0.0408 0.0285 
Trial 5 0.0408 0.0283 
Table 22 Nickel nanoparticle individualized tray results from second layer experiment 2 
Electric Paint Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2 
B1 to 
B2 
T1 to 
M 
B1 to 
M 
Trial 1 2.112 1 
open circuit 
Trial 2 2.181 1.136 
Trial 3 2.195 1.103 
Trial 4 2.261 1.101 
Trial 5 2.255 1.052 
Table 23 Electric paint nanoparticle individualized tray results from second layer 
experiment 2 
Carbon Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2 
B1 to 
B2 
T1 to 
M 
B1 to 
M 
Trial 1 3.92 1.636 
open circuit 
Trial 2 3.95 1.455 
Trial 3 3.95 1.453 
Trial 4 3.98 1.404 
Trial 5 4.22 1.387 
Table 24 Carbon nanoparticle individualized tray results from second layer experiment 2 
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X. Appendix D- Experiment 3 Results of all Samples  
For tables (Table 25-Table 30 Carbon individualized tray results from second layer 
experiment 3Table 30) below, a binder was put on the right side of the tray then left to cure 
for a week. Then the appropriate nanoparticle was layered on the right side and left. The 
data obtained from the first layering can be seen in the tables below. After this data was 
collected both substrates were filled with the appropriate material and the results of the 
second layering was recorded. Averaged results were discussed in the paper and 
individualized results can be seen below.  
Nickel Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 30 15.1 
open circuit 
Trial 2 30.8 14.5 
Trial 3 29.99 14.8 
Trial 4 30.7 14.8 
Trial 5 30.4 14.6 
Table 25 Nickel nanoparticle individualized tray results from first layer experiment 3 
Electric 
Paint 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 2.65 5.37 
open circuit 
Trial 2 2.67 5 
Trial 3 2.7 5.13 
Trial 4 2.7 4.93 
Trial 5 2.6 4.93 
Table 26 Electric paint individualized tray results from first layer experiment 3 
Carbon  Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 4 1.268 
open circuit 
Trial 2 4.03 1.272 
Trial 3 4.11 1.256 
Trial 4 3.99 1.296 
Trial 5 4.02 1.254 
Table 27 Carbon individualized tray results from first layer experiment 3 
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Nickel Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2 
B1 to 
B2 
T1 to 
M 
B1 to 
M 
Trial 1 0.0182 0.0166 
open circuit 
Trial 2 0.0185 0.0166 
Trial 3 0.0183 0.0171 
Trial 4 0.0179 0.017 
Trial 5 0.0183 0.017 
Table 28 Nickel nanoparticle individualized tray results from second layer experiment 3 
Electric Paint  Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.43 0.505 
open circuit 
Trial 2 0.443 0.503 
Trial 3 0.434 0.513 
Trial 4 0.415 0.503 
Trial 5 0.423 0.512 
Table 29 Electric paint individualized tray results from second layer experiment 3 
Carbon  Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 5.75 4.57 
open circuit 
Trial 2 5.8 4.58 
Trial 3 5.73 4.58 
Trial 4 5.66 4.58 
Trial 5 5.67 4.58 
Table 30 Carbon individualized tray results from second layer experiment 3 
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XI. Appendix E- Experiment 4 Results of all Samples  
For tables (Table 31- Table 79) below, trays with varying distances between the left 
and right traces were printed. Each material was tested when the traces were 1.4, 2.4, 3.4, 
and 4.4 apart respectively. This was conducted to see if bleed through would occur between 
the left and right traces. A binder was put on the right side of the tray then left to cure for 
a week. Then the appropriate nanoparticle was layered on the right and left side. The data 
obtained from the first layering can be seen in the tables below. After this data was 
collected both traces were filled with the appropriate material and the results of the second 
layering was recorded. Averaged results were discussed in the paper and individualized 
results can be seen below.  
 Experiment 4 Results of all Layer 1 Samples  
Nickel 1.4 Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.0225 0.0122 
open circuit 
Trial 2 0.0226 0.0123 
Trial 3 0.0235 0.0127 
Trial 4 0.0224 0.0125 
Trial 5 0.0228 0.0126 
Table 31 Nickel 1.4 individualized tray results from first layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.02276 0.01246 0.000393 0.000185 
Table 32 Nickel 1.4 layer 1 averages and standard deviation results 
Electric Paint 
1.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.635 0.409 
open circuit 
Trial 2 0.64 0.403 
Trial 3 0.674 0.352 
Trial 4 0.634 0.458 
Trial 5 0.635 0.452 
Table 33 Electric paint 1.4 individualized tray results from first layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.6436 0.4148 0.015344 0.038384 
Table 34 Electric paint 1.4 layer 1 averages and standard deviation results 
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Carbon 1.4 Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 7.08 6.48 
open circuit 
Trial 2 7.3 6.22 
Trial 3 7.08 6.37 
Trial 4 7.5 6.34 
Trial 5 7.26 6.38 
Table 35 Carbon 1.4 individualized tray results from first layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
7.244 6.358 0.156665 0.083522 
Table 36 Carbon 1.4 layer 1 averages and standard deviation results 
Nickel 
2.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.0311 0.0121 
open circuit 
Trial 2 0.0313 0.0115 
Trial 3 0.0317 0.0116 
Trial 4 0.0313 0.0117 
Trial 5 0.0313 0.0113 
Table 37 Nickel 2.4 individualized tray results from first layer experiment 4 
Average resistance 
of left trace(kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.03134 0.01164 0.000196 0.000265 
Table 38 Nickel 2.4 layer 1 averages and standard deviation results 
Electric Paint 2.4 Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.473 0.38 
open circuit 
Trial 2 0.495 0.365 
Trial 3 0.52 0.38 
Trial 4 0.625 0.377 
Trial 5 0.503 0.382 
Table 39 Electric paint 2.4 individualized tray results from first layer experiment 4 
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Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.5232 0.3768 0.053098 0.006112 
Table 40 Electric paint 2.4 layer 1 averages and standard deviation results 
Carbon 2.4 Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 23.85 7.58 
open circuit 
Trial 2 25.33 7.55 
Trial 3 24.06 7.61 
Trial 4 23.89 7.39 
Trial 5 23.87 7.53 
Table 41 Carbon 2.4 individualized tray results from first layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.5232 0.3768 0.053098 0.006112 
Table 42 Carbon 2.4 layer 1 averages and standard deviation results 
Nickel 
3.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.0208 0.011 
open circuit 
Trial 2 0.0205 0.0108 
Trial 3 0.0207 0.0109 
Trial 4 0.0207 0.0107 
Trial 5 0.021 0.0109 
Table 43 Nickel 3.4 individualized tray results from first layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.02074 0.01086 0.000162 0.000102 
Table 44 Nickel 3.4 layer 1 averages and standard deviation results 
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Electric Paint 
3.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.399 0.3505 
open circuit 
Trial 2 0.416 0.3329 
Trial 3 0.425 0.344 
Trial 4 0.426 0.331 
Trial 5 0.432 0.3544 
Table 45 Electric paint 3.4 individualized tray results from first layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.4196 0.34256 0.0115 0.009298 
Table 46 Electric paint 3.4 layer 1 averages and standard deviation results 
Carbon 3.4 Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 17.72 5.89 
open circuit 
Trial 2 17.08 6.47 
Trial 3 17.74 12.3 
Trial 4 17.32 4.53 
Trial 5 17.23 6.08 
Table 47 Carbon 3.4 individualized tray results from first layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
17.418 7.054 0.266113 2.703173 
Table 48 Carbon 3.4 layer 1 averages and standard deviation results 
Nickel 4.4 Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.0311 0.0114 
open circuit 
Trial 2 0.0312 0.0113 
Trial 3 0.0311 0.0115 
Trial 4 0.0311 0.0114 
Trial 5 0.0307 0.0114 
Table 49 Nickel 4.4 individualized tray results from first layer experiment 4 
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Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
17.418 7.054 0.266113 2.703173 
Table 50 Nickel 4.4 layer 1 averages and standard deviation results 
Electric Paint 
4.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.484 0.397 
open circuit 
Trial 2 0.493 0.386 
Trial 3 0.493 0.389 
Trial 4 0.499 0.376 
Trial 5 0.497 0.401 
Table 51 Electric paint 4.4 individualized tray results from first layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.4932 0.3898 0.005154 0.00875 
Table 52 Electric paint 4.4 layer 1 averages and standard deviation results 
Carbon 4.4 Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 31.99 16.43 
open circuit 
Trial 2 31.97 17.91 
Trial 3 32.1 16.43 
Trial 4 31.96 16.57 
Trial 5 31.99 16.56 
Table 53 Carbon 4.4 individualized tray results from first layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
32.002 16.78 0.050359 0.568225 
Table 54 Carbon 4.4 layer 1 averages and standard deviation results 
layer 1 R1 to R2 1.4 ST.DEV R1 to R2 2.4 ST.DEV R1 to R2 3.4 ST.DEV R1 to R2 4.4 ST.DEV 
nickel  0.01246 0.000185472 0.01164 0.000265 0.01086 0.000102 0.0114 6.32E-05 
ELECTRIC 0.4148 0.038384372 0.3768 0.006112 0.34256 0.009298 0.3898 0.00875 
carbon 6.358 0.083522452 7.532 0.076 7.054 2.703173 16.78 0.568225 
Table 55 Layer 1 experiment 4 summary 
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 Experiment 4 Results of all Layer 2 Samples  
Nickel 
1.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.075 0.0125 
open circuit 
Trial 2 0.074 0.012 
Trial 3 0.073 0.0119 
Trial 4 0.073 0.0125 
Trial 5 0.074 0.0122 
Table 56 Nickel 1.4 individualized tray results from second layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.0738 0.01222 0.000748 0.000248 
Table 57 Nickel 1.4 layer 2 averages and standard deviation results 
Electric Paint 
1.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 1.136 0.2897 
open circuit 
Trial 2 1.141 0.2773 
Trial 3 1.144 0.2852 
Trial 4 1.15 0.2829 
Trial 5 1.348 0.2877 
Table 58 Electric paint 1.4 individualized tray results from second layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
1.1838 0.28456 0.082225 0.004293 
Table 59 Electric paint 1.4 layer 2 averages and standard deviation results 
Carbon 
1.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 1.306 1.323 
open circuit 
Trial 2 1.29 1.317 
Trial 3 1.58 1.347 
Trial 4 1.28 1.328 
Trial 5 1.403 1.226 
Table 60 Carbon 1.4 individualized tray results from second layer experiment 4 
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Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
1.3718 1.3082 0.112933 0.04231 
Table 61 Carbon 1.4 layer 2 averages and standard deviation results 
Nickel 
2.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.0124 0.0069 
open circuit 
Trial 2 0.0119 0.0066 
Trial 3 0.012 0.0065 
Trial 4 0.0118 0.0065 
Trial 5 0.0119 0.0066 
Table 62 Nickel 2.4 individualized tray results from second layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.012 0.00662 0.00021 0.000147 
Table 63 Nickel 2.4 layer 2 averages and standard deviation results 
Electric Paint 
2.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.416 0.2946 
open circuit 
Trial 2 0.42 0.302 
Trial 3 0.425 0.3041 
Trial 4 0.425 0.3256 
Trial 5 0.427 0.3292 
Table 64 Electric paint 2.4 individualized tray results from second layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.4226 0.3111 0.00403 0.013725 
Table 65 Electric paint 2.4 layer 2 averages and standard deviation results 
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Carbon 
2.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 1.893 1.15 
open circuit 
Trial 2 2.081 1.196 
Trial 3 2.156 1.182 
Trial 4 2.094 1.176 
Trial 5 2.602 1.226 
Table 66 Carbon 2.4 individualized tray results from second layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
2.1652 1.186 0.235428 0.024948 
Table 67 Carbon 2.4 layer 2 averages and standard deviation results 
Nickel 
3.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.0128 0.0058 
open circuit 
Trial 2 0.0126 0.006 
Trial 3 0.0126 0.006 
Trial 4 0.0129 0.0062 
Trial 5 0.0128 0.006 
Table 68 Nickel 3.4 individualized tray results from second layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.01274 0.006 0.00012 0.000126 
Table 69 Nickel 3.4 layer 2 averages and standard deviation results 
Electric Paint 
3.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.578 0.3171 
open circuit 
Trial 2 0.581 0.331 
Trial 3 0.607 0.3441 
Trial 4 0.572 0.3473 
Trial 5 0.564 0.3445 
Table 70 Electric paint 3.4 individualized tray results from second layer experiment 4 
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Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.5804 0.3368 0.014513 0.011354 
Table 71 Electric paint 3.4 layer 2 averages and standard deviation results 
Carbon 
3.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 2.077 2.152 
open circuit 
Trial 2 1.882 1.54 
Trial 3 2.059 2.806 
Trial 4 2.118 1.721 
Trial 5 1.907 1.52 
Table 72 Carbon 3.4 individualized tray results from second layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
2.0086 1.9478 0.095433 0.485584 
Table 73 Carbon 3.4 layer 2 averages and standard deviation results 
Nickel 
4.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 0.0137 0.0086 
open circuit 
Trial 2 0.0112 0.0083 
Trial 3 0.0133 0.0084 
Trial 4 0.0137 0.0082 
Trial 5 0.0133 0.0088 
Table 74 Nickel 4.4 individualized tray results from second layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
0.01304 0.00846 0.000937 0.000215 
Table 75 Nickel 4.4 layer 2 averages and standard deviation results 
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Electric Paint 
4.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 1.375 0.363 
open circuit 
Trial 2 1.401 0.374 
Trial 3 1.43 0.351 
Trial 4 1.449 0.379 
Trial 5 1.483 0.371 
Table 76 Electric paint 4.4 individualized tray results from second layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
1.4276 0.3676 0.037436 0.00979 
Table 77 Electric paint 4.4 layer 2 averages and standard deviation results 
Carbon 
4.4 
Unit (kΩ) 
 L1 to 
L2 
R1 to 
R2 
L1 to 
R1 
L2 to 
R2 
L1 to 
M 
L2 to 
M 
R1 to 
M 
R2 to 
M 
T1 to 
B1 
T2 to 
B2 
T1 to 
T2  
B1 to 
B2  
T1 to 
M 
B1 to 
M 
Trial 1 2.603 1.983 
open circuit 
Trial 2 2.651 1.98 
Trial 3 2.557 1.993 
Trial 4 2.652 2.034 
Trial 5 2.653 2.002 
Table 78 Carbon 4.4 individualized tray results from second layer experiment 4 
Average resistance 
of left trace (kΩ) 
Average resistance 
of right trace (kΩ) 
Average standard 
deviation of left 
trace (kΩ) 
Average standard 
deviation of right 
trace (kΩ) 
2.6232 1.9984 0.03816 0.019418 
Table 79 Carbon 4.4 layer 2 averages and standard deviation results 
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XII. Appendix F- Drawings of Dog Bone Samples (Strain Gages)  
 
  
Figure 28 Drawing of 1.4 substrate distance strain gages 
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Figure 29 Drawing of 2.4 substrate distance strain gages 
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Figure 30 Drawing of 3.4 substrate distance strain gages 
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Figure 31 Drawing of 4.4 substrate distance strain gages 
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XIII. Appendix G- Experiment 5 Results of all Individual Samples  
 
 Resistance of nickel with respect to trace distance (kΩ)   
 Nickel 1.4 Nickel 2.4 Nickel 3.4 Nickel 4.4 
Trial 1 0.1682 0.0863 0.098 0.135 
Trial 2 0.1689 0.0853 0.1165 0.1361 
Trial 3 0.1719 0.0872 0.096 0.1374 
Trial 4 0.1674 0.0879 0.0949 0.1372 
Trial 5 0.1703 0.0878 0.1004 0.1391 
Table 80 Nickel experiment 5 layer 1 individualized results 
 Nickel 1.4 Nickel 2.4 Nickel 3.4 Nickel 4.4 
Resistance Averages Layer 1 (kΩ)   0.16934 0.0869 0.10116 0.13696 
Standard Deviation (kΩ) 0.001596 0.000982 0.007895 0.001372 
Table 81 Nickel experiment 5 layer 1 summarized results 
 Resistance of electric paint with respect to trace distance (kΩ) 
 Electric Paint 1.4 Electric Paint 2.4 Electric Paint 3.4 Electric Paint 4.4 
Trial 1 0.974 0.994 1.05 0.835 
Trial 2 0.981 0.992 1.043 0.857 
Trial 3 1.041 0.988 1.054 0.837 
Trial 4 0.987 0.99 1.061 0.839 
Trial 5 0.981 1 1.054 0.859 
 Table 82 Electric paint experiment 5 layer 1 individualized results 
 Electric Paint 
1.4 
Electric Paint 
2.4 
Electric Paint 
3.4 
Electric Paint 
4.4 
Resistance Averages 
Layer 1 (kΩ)  
0.9928 0.9928 1.0524 0.8454 
Standard Deviation (kΩ) 0.024449131 0.004118 0.005885576 0.010385 
Table 83 Electric paint experiment 5 layer 1 summarized results 
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 Resistance of carbon with respect to trace distance (kΩ) 
 Carbon 1.4 Carbon 2.4 Carbon 3.4 Carbon 4.4 
Trial 1 6.94 52.2 141.1 65.8 
Trial 2 6.9 52.9 143.3 65.9 
Trial 3 6.96 52.6 143.7 66.5 
Trial 4 6.96 52.4 140.4 67 
Trial 5 6.92 52.2 141.7 65.9 
Table 84 Carbon experiment 5 layer 1 individualized results 
 Carbon 1.4 Carbon 2.4 Carbon 3.4 Carbon 4.4 
Resistance Averages Layer 1 (kΩ) 6.936 52.46 142.04 66.22 
Standard Deviation (kΩ) 0.023323808 0.26533 1.267438361 0.462169 
Table 85 Carbon experiment 5 layer 1 summarized results 
 Resistance of nickel with respect to trace distance (kΩ)   
 Nickle 1.4 Nickle 2.4 Nickle 3.4 Nickle 4.4 
Trial 1 0.0367 0.0314 0.0318 0.0274 
Trial 2 0.0371 0.031 0.0317 0.028 
Trial 3 0.0366 0.0308 0.0319 0.0275 
Trial 4 0.0368 0.0309 0.0317 0.0278 
Trial 5 0.0371 0.0308 0.0317 0.0275 
Table 86 Nickel experiment 5 layer 2 individualized results 
 Resistance of electric paint with respect to trace distance (kΩ) 
 Electric Paint 1.4 Electric Paint 2.4 Electric Paint 3.4 Electric Paint 4.4 
Trial 1 0.525 0.598 0.628 0.572 
Trial 2 0.532 0.601 0.627 0.575 
Trial 3 0.535 0.697 0.651 0.58 
Trial 4 0.536 0.607 666 0.577 
Trial 5 0.557 0.616 0.648 0.582 
Table 87 Electric paint experiment 5 layer 2 individualized results 
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 Carbon 1.4 Carbon 2.4 Carbon 3.4 Carbon 4.4 
Trial 1 1.464 15.65 7.53 7.28 
Trial 2 1.403 15.68 8.08 7.34 
Trial 3 0.68 15.85 12.65 7.27 
Trial 4 1.99 15.66 7.84 7.33 
Trial 5 1.403 15.71 7.77 7.28 
Table 88 Carbon experiment 5 layer 2 individualized results 
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XIV. Appendix H- Experiment 6 Results of all Individual Samples  
Strain Gage Type E (GPa) 
Elastic Limit 
(GPa) 
Ultimate Stress 
(MPa) 
ABS 1.4 0.127 0.000254 29.0 
ABS 2.4 0.131 0.000262 27.7 
ABS 3.4 ELIMINATED ELIMINATED ELIMINATED 
ABS 4.4 0.118 0.000236 26.3 
Averages 0.125 0.000250 27.7 
Table 89 Young's modulus, elastic Limit, and ultimate stress data for ABS strain gages 
 
Strain Gage Type E (GPa) 
Elastic Limit 
(GPa) 
Ultimate Stress 
(MPa) 
Binder only 1.4 0.144 0.000288 28.2 
Binder only 2.4 0.156 0.000312 32.5 
Binder only 3.4 0.121 0.000242 23.7 
Binder only 4.4 0.108 0.000216 23.4 
Averages 0.133 0.000265 27.0 
Table 90 Young's modulus, elastic Limit, and ultimate stress data for binder only strain 
gages 
 
Strain Gage Type E (GPa) 
Elastic Limit 
(GPa) 
Ultimate Stress 
(MPa) 
Nickel only 1.4 0.173 0.000346 27.0 
Nickel only 2.4 0.165 0.000330 27.0 
Nickel only 3.4 0.165 0.000358 25.5 
Nickel only 4.4 0.179 0.000330 23.0 
Averages 0.171 0.000341 25.6 
Table 91 Young's modulus, elastic Limit, and ultimate stress data for nickel strain gages 
Strain Gage Type E (GPa) 
Elastic Limit 
(GPa) 
Ultimate Stress 
(MPa) 
Carbon 1.4 0.139 0.000278 27.9 
Carbon 2.4 0.197 0.000394 27.1 
Carbon 3.4 0.157 0.000314 25.9 
Carbon 4.4 0.166 0.000332 23.0 
Averages 0.165 0.00033 26.0 
Table 92 Young's modulus, elastic Limit, and ultimate stress data for carbon strain gages 
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Strain Gage Type E (GPa) 
Elastic Limit 
(GPa) 
Ultimate Stress 
(MPa) 
EP only 1.4 0.216 0.000432 27.6 
EP only 2.4 0.171 0.000342 26.3  
EP only 3.4 0.149 0.000298 27.4 
EP only 4.4 0.152 0.000304 25.8 
Averages 0.170 0.000344 26.8 
Table 93 Young's modulus, elastic Limit, and ultimate stress data for EP strain gages 
Strain Gage Type E (GPa) 
Elastic Limit 
(GPa) 
Ultimate Stress 
(MPa) 
Cu 1.5 grams 1.4 0.136 0.000272 27.7 
Cu 1.5 grams 2.4 0.156 0.000312 27.3 
Cu 1.5 grams 3.4 0.150 0.000300 26.6 
Cu 1.5 grams 4.4 0.111 0.000222 26.2 
Averages 0.138 0.000277 26.9 
Table 94 Young's modulus, elastic Limit, and ultimate stress data for copper 1.5 grams 
strain gages 
Strain Gage Type E (GPa) 
Elastic Limit 
(GPa) 
Ultimate Stress 
(MPa) 
Cu 3 grams 1.4 0.115 0.000230 25.3 
Cu 3 grams 2.4 0.151 0.000302 24.8 
Cu 3 grams 3.4 0.145 0.000290 26.3 
Cu 3 grams 4.4 0.149 0.000298 23.7 
Averages 0.140 0.000280 25.03 
Table 95 Young's modulus, elastic Limit, and ultimate stress data for copper 3 grams 
strain gages 
Strain Gage Type E (GPa) 
Elastic Limit 
(GPa) 
Ultimate Stress 
(MPa) 
Cu 4.5 grams 1.4 0.172 0.000344 27.8 
Cu 4.5 grams 2.4 0.118 0.000236 26.7 
Cu 4.5 grams 3.4 0.151 0.000302 26.8 
Cu 4.5 grams 4.4 0.151 0.000302 24.5 
Averages 0.148 0.000296 26.4 
Table 96 Young's modulus, elastic Limit, and ultimate stress data for copper 4.5 grams 
strain gages 
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Strain Gage Type E (GPa) 
Elastic Limit 
(GPa) 
Ultimate Stress 
(MPa) 
Cu 6 grams 1.4 0.164 0.000328 28.9 
Cu 6 grams 2.4 0.123 0.000246 24.5 
Cu 6 grams 3.4 0.137 0.000274 26.6 
Cu 6 grams 4.4 0.140 0.000280 24.9 
Averages 0.141 0.000282 26.2 
Table 97 Young's modulus, elastic Limit, and ultimate stress data for copper 6 grams 
strain gages 
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XV. Appendix I- Experiment 6 Graphs of all Samples 
 
 
Figure 32 Stress vs. Strain Graph ABS Strain Gages 
The graph of the stress vs. strain of the ABS strain gage samples can be seen above. As can 
be noted the sample with the 3.4 mm trace spacing is not shown. It was discovered when 
analyzing the data, that there was a printing fault that caused its data to be unreliable and 
subsequently eliminated from this study. The results of the Young’s modulus, elastic limit, 
and ultimate stress can be seen below.  
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Figure 33 Stress vs. Strain Graph Carbon Strain Gages 
 
Figure 34 Stress vs. Strain Graph Only Binder Strain Gages  
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Figure 35 Stress vs. Strain Graph Electric Paint Strain Gages 
 
Figure 36 Stress vs. Strain Graph Copper 1.5 grams Strain Gages 
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Figure 37 Stress vs. Strain Graph Copper 3 grams Strain Gages 
 
Figure 38 Stress vs. Strain Graph Copper 4.5 grams Strain Gages 
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Figure 39 Stress vs. Strain Graph Copper 6 grams Strain Gages 
